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|  REPRODUCTION  QUALITY  NOTICE 


This  document  is  the  best  quality  avaiiabie.  The  copy  furnished 
to  DTIC  contained  pages  that  may  have  the  following  quality 
problems: 

•  Pages  smaller  or  larger  than  normal. 

•  Pages  with  background  color  or  light  colored  printing. 

•  Pages  with  small  type  or  poor  printing;  and  or 

•  Pages  with  continuous  tone  material  or  color 
photographs. 

Due  to  various  output  media  avaiiabie  these  conditions  may  or 
may  not  cause  poor  legibility  in  the  microfiche  or  hardcopy  output 
you  receive. 


L-J  If  this  block  is  checked,  the  copy  furnished  to  DTIC 
contained  pages  with  color  printing,  that  when  reproduced  in 
Black  and  White,  may  change  detail  of  the  original  copy. 


I.  Terminal  Report  of  Progress 


The  purpose  of  this  proposal  was  to  upgrade  our  Meridian  ACAS  470 
laser  cytometer,  a  novel  and  powerful  interactive  laser/computer 
assisted  image  analyzer.  The  device  was  designed  to  detect,  using 
a  microlaser  beam,  tracer  fluorescent  molecules  in  a  cell  and 
generate  a  false-color  digitized  image  which  could  be 
quantitatively  analyzed  [see  Appendix  A].  This  grant  enabled  us 
to  bring  this  instrument  up  to  the  "state  of  the  art",  by  allowing 
us  to  have  a  laser  which  could  generate  a  powerful  UV  laser  beam, 
as  well  as  the  visible  laser  beam  we  had.  This  gave  us  the 
potential  to  study  molecules  and  mechanisms  which  could  only  be 
detected  with  UV-excitable  dyes,  as  well  as  store  and  analyze  more 
complex  data,  as  well  as  manipulate  the  experiments  with  more 
precision. 


The  three  original  aims,  i.e.,  (a)  to  detect  intracellular  free  Ca~ 
[an  indicator  of  both  adaptive  and  maladaptive  cellular 
physiology] ?  (b)  to  detect  changes  in  intracellular  pH  with  a  pH 
sensitive  dye  (also  a  measure  of  both  adaptive/maladaptive  changes 
in  cellular  physiology  caused  by  chemicals?  and  (c)  to  detect 
intracellular  free  radical  production  in  single  cells  with  a 
fluorescent  dye  caused  by  many  toxic  chemicals,  were  achieved 

II.  Results  of  Upgrade 


The  Meridian  company  modified  our  instrument  within  months  after 
the  grant  was  awarded.  Because  of  this  upgrade,  we  were  able,  in 
collaboration  with  the  Meridian  company,  to  develop  several  new 
applications  with  this  new  instrument  leading  to  several 
manuscripts  which  are  now  in  press  or  in  preparation,  as  well  as 
the  development  of  new  "Application  Notes"  [Appendix  B] . 

Hi-  ScneCits..  to  Research.  Department  and  University 


To  re-iterate,  since  my  USAFOSR  grant  [AFOSR-89-0325 ]  is  to  study 
the  mechanisms  of  chemical  toxicants  which  act  by  inhibiting 
intercellular  communication,  the  upgrade  of  this  unique  interactive 
laser  image  analyzer  has  made  it  possible  to  (a)  do  quantitative 
studies,  on  a  ‘single  cell  basis,  which  were  either  impossible  or 
extremely  difficult  to  do  and  inaccurate  prior  to  its  development; 
(b)  increase  our  productivity  by  allowing  us  to  generate  data  and 
to  analyze  data,  simultaneously,  without  tying  up  the  machine  for 
one  or  the  other?  and  (c)  develop  new  potential  applications  for 
toxicological  research  [i.e.,  our  recent  use  to  detect  specifier 
oncogene  products  in  normal  or  cancer  cells]. 


As  a  result  of  the  upgrade,  both  the  number  and  diversity  of 

studies  using  the  Meridian  ACAS-570  have  increased.  For  example,  , _ 

the  instrument  is  signed  up  for  use  almost  every  day,  including 
many  evenings  and  weekends.  Free  calcium  studies  are  being  done 
by  scientists  (Drs.  Kalimi  and  Wilson)  to  study  the  effects  of  ,  1 
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hormone  imbalance  on  calcium  homeostasis  in  testicular  tissue;  the 
effect  of  anti-parasitic  drugs  is  being  studied  in  schistosomes  by 
Dr.  Bennett  (Pharmacology  and  Toxicology  Dept.,  MSU);  oncogene 
detection  with  fluorescent  antibodies  in  cancer  cells  by  E.  de 
Feijter  (a  foreign  scholar) ;  stem-cell  lineages  in  human  breast 
tissue  (Dr.  S.  Nakatsuka) ;  DNA  damage  with  fluorescent  antibodies 
to  UV-induced  pyrimidine  dimers  by  Dr.  C.C.  Chang  (Dept. 
Pediatrics/Human  Development) ;  the  reaction  rates  of  enzymatic 
functions  in  bio-engineered  matrices  (Dr.  M.  Warden,  Chemical 
Engineering  Dept. ,  MSU) ;  a  new  way  to  measure  heterologous 
intercellular  communication  (Dr.  G.  Kalimi,  Dept.  Pediatrics/Human 
Development)  [see  Appendix  C] . 

In  addition,  benefit  to  the  University  accrues  in  many  ways:  (a) 
Collaboration  with  other  research  groups  studying  toxicology  at 
different  levels;  for  example,  Dr.  X.  Bonn  of  the  Chemistry 
Department  at  Wayne  State  University  has  used  our  upgrade  to 
initiate  studies  on  the  detection  of  free  radicals  after  cells  were 
exposed  to  eiconosoids;  Dr.  James  Klaunig  of  the  Medical  College 
of  Ohio  in  Toledo  is  collaborating  with  us  to  study  chemical 
inhibition  of  intercellular  communication  in  liver  slices:  and  Dr. 
Phil  Liu  of  Case/Western-Reserve  University  (Cleveland)  is 
collaborating  with  us  to  detect  DNA  polymerases  in  single  cells; 
(b)  Because  we  were  the  first  group  using  the  Meridian  ACAS  and  its 
upgrade,  we  are  now  communicating  with  others  across  the  country 
and  sharing  new  information  at  applications;  (c)  Because  of  the 
major  technological  breakthroughs  represented  by  this  instrument, 

I  also  have  been  asked  to  give  workshops  and  seminars  [i.e..  At  the 
latest  Cell  Biology  meeting  in  Houston,  Texas,  I  conducted  a 
workshop] . 

Finally,  this  upgrade  has  also  helped  the  University  directly  by 
attracting  other  grants  utilizing  this  instrumentation  [NSF  grant 
to  Dr.  Worden  in  Chemical  Engineering;  HIEHS  grant  to  Dr.  L. 

Fischer,  Center  for  Environmental  Toxicology,  MSU].  Several 
papers,  abstracts  and  multiple  speaking  invitations,  including  one 
to  Germany  [International  Gap  Junction  Meeting];  to  England 

[International  Society  of  Toxicology  Meeting];  and  recently  to 
France  [Workshop  on  Alternatives  to  Animal  Toxicity  Testing]  . 

1 7  •  V' P.9 rs.  Meetings  and  Seminars 

1.  J.E.  Trosko  and  C.C.  Chang,  "Stem  cell  theory  of 

carcinogenesis".  Toxicology  letters,  in  press. 

2.  J.E.  Trosko,  "Towards  understanding  carcinogenic  hazards : 

A  crisis  in  paradigms",  J,k  Jmaju  fiflllaga. Si— laslgfll.  > 
8:1121-1132,  1989. 

3.  J.E.  Trosko,  C.C.  Chang  and  B.V.  Madhukar,  "Cell-cell 

communication:  Relationship  of  stem  cells  to  the 

curcinogenic  process",  In:  Mouse,  Liver  Carcinogenesis : 
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Mechanisms  and  Species  Cororarisons .  T.J.  Slaga,  Ed.,  Alan 
R.  Liss,  Inc.,  New  York,  in  press. 

4.  M.  El-Fouly,  J.E.  Trosko,  C.C.  Chang  and  S.T.  Warren, 
"Potential  role  of  the  human  Ha-ras  oncogene  in  the 
inhibition  of  gap  junctional  intercellular 
communication".  Molecular  Carcinogenesis.  2:131-135, 
1989. 

5.  J.E.  Trosko,  C.C.  Chang  and  B.V.  Madhukar,  "In  vitro 
analysis  of  modulators  of  intercellular  communication: 
Implications  for  biologically  based  risk  assessment 

models  for  chemical  exposure",  Ig,ai.S.gl9,qy . In.  V.itEQ ,  in 

press. 

6.  S.Y.  Oh,  B.V.  Madhukar,  C.C.  Chang,  J.E.  Trosko  and  E. 
Beyer,  "Characterization  of  gap  junctional  communication 
deficient  mutants  from  a  HG-PRT  deficient  rat  liver 
epithelial  cell  line",  provisionally  accepted  to 

7.  A.W.  de  Feijter,  J.S.  Ray,  C.M.  Weghorst,  J.E.  Klaunig, 
J.I.  Goodman,  C.C.  Chang  and  J.E.  Trosko,  "Correlation 
between  the  methylation  status  of  the  v-Ha-ras  oncogene, 
gap  junctional  communication  and  tumorigenicity  in  rat 

liver  epithelial  cells".  Molecular _ Carcinogenesis, 

accepted  for  publication. 

8.  B.V.  Madhukar,  J.E.  Trosko,  and  C.C.  Chang,  "Chemical, 
oncogene  and  growth  factor  modulation  of  gap  junctional 
communication  in  carcinogenesis".  In:  Cell  Interactions 
and  Gap  Junctions.  Vol.  1,  N.  Sperelakis  and  W.C.  Cole, 
eds.,  CRC  Press,  Boca  Raton,  FL,  pp.  143-157,  1989. 


Abstracts 


1.  B.V.  Madhukar,  S.Y.  Oh,  E.  de  Feijter  and  J.E.  Trosko, 
"Inhibition  of  intercellular  communication  by  toxic 
xencbiotic  chemicals  in  vitro  in  a  human  epithelial  cell 
system",  Soc.  of  Toxicology,  Atlanta,  GA,  Feb.  27  -  March 
3,  1989.  iaejraxl.calQgla.it  9:4,  1989. 

2.  S.G.  Lilly,  E.  de  Feijter,  C.M.  Weghorst,  C.C.  Chang, 
B.V.  Madhukar,  M.  El-Fouly,  J.E.  Trosko,  and  J.E. 
Klaunig,  "Reduced  gap  junctional  intercellular 
communication  and  tumorigenicity  of  rat  liver  epithelial 
F344-WB  cells".  Soc.  of  Toxicol.,  Atlanta,  GA,  Feb.  27- 
March  3,  1989.  The  Toxicologist  9:123,  1989. 

3.  J.E.  Trosko,  "Mechanisms  of  chemical  and  oncogene 
modulation  of  gap  junction  and  communication  during 
carcinogenesis",  Workshop  on  the  Molecular  and  Coll 
3iology  of  Gap  Junctions,  Irsee,  Germany,  July  i.3-23, 
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1989. 


4.  J.E.  Trosko,  C.C.  Chang,  and  B.V.  Madhukar,  "In  vitro 
analysis  of  modulators  of  intercellular  communication: 
Implication  to  mechanisms  of  tumor  promotion  and  to 
predictions  c  Potential  tumor  promoters".  2nd  Intern. 
Conf.  on  Practical  In  Vitro  Toxicology,  Nottingham,  U.K., 
July  23-27,  1989. 

5.  J.E.  Trosko,  J.E.  Klaunig,  B.V.  Madhukar,  C.C.  Chang,  E. 
de  Feijter,  and  G.  Kalimi,  "Chemical  and  oncogene 
modulation  of  intercellular  communication  during 
carcinogenesis".  Symposium  on  Molecular  Cell  Biology  of 
Liver  Growth  and  Function,  Lake  Placid,  NY,  Aug.  13-16, 
1989. 

6.  J.E.  Trosko,  J.E.  Klaunig,  M.  Yeager,  A.  Koestner,  M. 
El-Fouly,  J.  Buboltz,  B.  Cool,  ard  C.C.  Chang, 
"Correlation  between  the  reduction  of  gap  junctional 
communication  and  tumorigenesis  in  rat  glial  and  liver 
epithelial  colls  containing  the  expressed  neu  oncogene". 
Society  of  Toxicology  Meeting,  Miami  Beach,  FL,  Feb.  12- 
16,  1990. 

7.  A.W.  de  Feijter,  M.W.  Lieberman,  and  J.E.  Trosko,  "Up- 
regulation  of  a  metal lothionein-ras  T24  fusion  gene  in 
rat  liver  epithelial  cells  is  correlated  with  the  down 
regulation  of  gap  junction  function".  Society  of 
Toxicology  Meeting,  Miami  Beach,  FL,  Feb.  12-16,  1990. 

3.  R.J.  Ruch,  J.E.  Trosko,  B.V.  Madhukar,  P.  Somani,  and 
J.E.  Klaunig,  "Restoration  of  gap  junction  intercellular 
communication  by  lovastatin  in  WB-H-rasII  in  rat  liver 
epithelial  cells".  Society  of  Toxicology  Meeting,  Miami 
Beach,  FL,  Feb.  12-16,  1990. 

9.  B.V.  Madhukar,  H.  Hong  Xu,  B.  Lockwood,  and  J.E.  Trosko, 
"Inhibition  of  intercellular  communication  by 
environmental  chemicals  in  rat  Leydig  cells  in  vitro". 
Society  of  Toxicology  Meeting,  Miami  Beach,  FL,  Feb.  12- 
16,  1990. 

10.  W.J.  Paradee,  B.V.  Madhukar,  and  J.E  Trosko,  "Mezerein 
inhibition  of  intercellular  communication  and  activation 
of  protein  kinase  C  in  human  kidney  epithelial  cells". 
Society  of  Toxicology  Meeting,  Miami  Beach,  FL,  Feb.  12- 
16,  1990. 

11.  G.  Kalimi,  J.E.  Trosko,  L.L.  Hampton,  S.S.  Thorgeirsson , 
and  A.C.  Huggett,  "Gap  junctional  intercellular 
communication  in  raf  and  raf/myc  transformed  rat  liver 
epithelial  cell  lines".  American  Association  of  Cancer 
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Research  Meeting,  Washington,  D.C.,  May  23-26,  1990. 

Meetings  Attended  and  Seminars  Given 

1.  Invited  seminar  speaker,  "Chemical  modification  of 

intercellular  communication:  Implications  for 

nongenotoxic  toxicity".  Program  in  Toxicology  seminar 
series,  Rutgers  University,  New  Jersey,  March  8,  1989. 

2.  Invited  seminar  speaker,  "Chemical  promoters,  oncogenes, 

and  growth  factor  modulation  of  intercellular 
communication:  A  unified  theory".  Loma  Linda, 

California,  March  21,  1989. 

3.  Invited  symposium  speaker,  "Inhibition  of  intercellular 
communication  during  radiation  and  chemical 
carcinogenesis.  Radiation  Research  meeting,  Seattle, 
Washington,  March  27,  1939. 

4.  Invited  workshop  speaker,  "Promotion  as  a  factor  in  risk 
assessment".  Carcinogen  Risk  Assessment,  Society  for 
Risk  Analysis,  Wash.  D.C.,  April  4,  1989. 

5.  Invited  symposium  speaker,  "Oncogenesis  and  abnormal 
intercellular  communication  and  its  implication  to  the 
cause  and  prevention  of  carcinogenesis",  and  "Clinical 
implications  of  intercellular  communication  on  wound 
healing".  Quebec  Association  of  General  Surgeons,  Quebec 
City,  Canada,  May  4-5,  1989. 

6.  Invited  seminar  speaker,  "Oncogenes,  tumor  promoters  and 
growth  factor  inhibition  of  intercellular  communication: 
Integrative  theory  of  cancer".  University  of  Hamburg, 
Germany,  July  17,  1989. 

7.  Invited  symposium  speaker,  "Mechanisms  of  chemical  and 
oncogene  modulation  of  gap  junctional  communicat ion 
during  carcinogenesis".  Molecular  Cell  Biology  of  Gap 
Junctions  Symposium,  Irsee,  Germany,  July  18-23,  1989. 

8.  Invited  symposium  speaker,  "In  vitro  analysis  of 

modulators  of  intercellular  communication:  Implications 
to  mechanisms  of  tumor  promotion  and  to  predictions  of 
potential  tumor  promoters".  Practical  In  Vitro 
Toxicology  Symposium,  University  of  Nottingham,  England, 
July  23-27,  1989. 

9.  Invited  symposium  speaker,  "Chemical  and  oncogene 

modulation  of  intercellular  communication  during 

carcinogenesis".  Symposium  on  Molecular,  Cellular 

Biology  of  Liver  Growth  and  Function,  Lake  Placid,  NY, 
Aug.  13-16,  1989. 
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10. 


Invited  seminar  speaker,  "Oncogenes,  tumor  promoters, 
and  growth  factors:  \n  integrated  theory  of 

carcinogenesis".  Eppley  Cancer  Center,  Univ.  of 
Nebraska,  Omaha,  Sept.  28,  1989. 

11.  Invited  seminar  speaker,  "Role  of  chemical  inhibition  of 
gap  junctioral  communication  in  pharmacological  and 
toxicological  effects  of  drugs".  Bristol  Myers, 
Syracuse,  NY,  Oct.  9,  1989. 

12.  Invited  symposium  speaker,  "Modulated  intercellular 

communication:  Consequence  of  extracellular 

communication".  Eiconosoids  and  Bioactive  Lipids  in 
Cancer  and  Radiation  Injury,  Detroit,  MI,  Oct.  11-14, 
1989. 

13.  Invited  seminar  speaker,  "Modulation  of  gap  junctional 

communication:  Pharmacological  and  toxicological 

implications".  Fark-Davis  Warner  Lambert 

Pharmaceuticals,  Ann  Arbor,  MI,  Oct.  17,  1989. 

14.  Invited  seminar  speaker,  "A  crisis  in  paradigms:  The 
roles  of  genotoxic  versus  epigenetic  mechanisms  in 
toxicology".  Environmental  and  Industrial  Health 
Department,  Univ.  of  Michigan,  Ann  Arbor,  MI,  Dec.  1, 
1989. 
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APPENDIX  A 

Information  on  New  Meridian  ACAS  570  Upgrade 

r 


APPLNDIX  b 

Application  Notes  on  new  techniques  that  the  Upgrade  of  ACAS  can 
perform: 

1.  Calcium  measurements. 

2.  Free  Radicals. 

3.  Reprint  "Xq  situ  (6-4)  photoproduct  determination  by 
laser  cytometry  and  autoradiography". 

4.  Reprint  "Characterization  of  an  in  vitro  human  kidney 
epithelial  system  to  study  gap  junctional  intercellular 
communication" . 


APPENDIX  C 


New  technique  to  aeasure  heterologous  and  homologous  cell-cell 
communication  using  the  ACAS: 

1.  Actual  ACAS-Inaae  data. 

2  . 


Abstract . 
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ACAS  570... 


The  Instrument  for  Quantitative 
Adherent  Cell  Analysis  and  Sorting 

The  U'AS  "0  Interactive  laser  Cytometer  is 
unique!)  designed  for  researchers  who  use 
quantitative  fluorescence  techniques  to  study 
adherent  cells 

Conceived  and  developed  bv  cell  biologists  for 
cell  biologists,  the  ACAS  —  Adherent  Cell 
Analysis  and  Sorting  —  provides  fluorescence 
measurements  of  structure,  function,  and 
response  at  the  single  cell  level  Applications 
range  form  cel!  and  molecular  biology  to 
toxicology,  immunology,  and  neurobiology. 

Ivsigned  to  insure  sou  get  the  numbers  you 
need,  the  ACAS  "o  is  the  only  instrument  that 
provides  capabilities  to  perform  all  of  the 
following. 

•  Measure  fluorescence  distribution  within 
cells 

•  Quantitate  cellular  responses  using 
ratMinetric  methods  forCtr  *.  pH  and  other 

ions 

•  Measure  macmmolecular  diffusion, 
permeation,  and  interaction 

•  Isolate  and  done  ails  without  removing 
them  from  culture 

•  Sort  adherent  cells  based  on  physical  and 
biochemical  measurements 

•  Perform  quantitative  confocal  imaging 

Investigate  these  and  other  innovative 
applications  that  make  the  ACAS  ”0  —  The 

Cytometer  for  All  Reasons. 


.INTERACTIVE  v  -  , 
LASER  CVTOV1ETRY 


Ihe  Ai.A>  s'0  makes  cyiometry  interactive 
Oiilv  the  V '.AS  lets  you 

•  Isolate  individual  cells  without  removing 
tl.  .n  from  their  growth  surface 

•  Create  cellular  fluorescence  gradients  bv 
photnhleachmg  or  photoactivation 

•  Measure  macmmolecular  diffusion  or  tins 

•  Monitor  intracellular  communications 

•  Perform  microsurgery  on  cells 

With  the  \(AS.  ;.nu  can  use  the  laser  for  more 
than  illumination.  Sow  you  can  use  the  laser  as 
a  photon  gun, '  to  photohleach  or  photoacinate 
tor  real  nme  measurements  of  cellular 
dynamics  Turn  up  the  power  and  eliminate 
unwanted  contaminating  cells,  or  isolate  and 
retain  rare  cells 


Tuo- Dimensional  pseudocolor  fluorescent  inuiy?  of 
%1SH  ceil  stained  uith  the  membrane  potential  dye 
DHJCdSl  I  Courtesy  of  Dr  Bruce Jensen.  Zynaxis  Ceil 
Science.  Inc  .  I 


Intensity  dimensum  plot  of  the  membrane  potential 
the  lk(X\{})  in  ttlSHCeU.  (Courtesy  of  Dr  Hruce 
Jensen  A  navis  Ceil  Science .  Inc  I 


a  (  HO  cell  ludated  the  Cookie  (  utter 
technique  (Courtesy  of  Dr  Sktr^iret  Vhuir.  Meridian 
Instruments.  Inc  / 
h  (ell  out  grtm  th  after  tuo  tins 


fluorescence  pbotohleacbtm  of  ctahrunfluttresiein 
duuetate  labeled  human  temtocammmut  teds  as 
a  measurement  of  ceticed  ammunuatum  JWigniy 
enclosed  ceils  are  bleached  and  monitored  ft#  fhuaes  ■ 
fence  reaurn  tOmrtn  of  Or  danttoH  Vtuie. 
Merutum  Instruments.  Inc  I 


Sorting  Cells  the  ACAS  Way 

The  ACAS  is  the  only  instrument  that  lets  yo 
select  anchorage-dependent  cells  directly  fn 
heterogeneous  cultures  for  isolation, 
propagation,  and  analy  sis. 

Ihe  unique  "Cookie-Cutter" ,v '  technique 
automatically  isolates  single  cells  growing  i 
film-lined  dish  based  on  fluorescence 
measurements  or  morphology. 

A  high  intensity  laser  beam  encircles  the  sele 
cell,  fusing  octagon-shaped  "cookies"  to  th 
culture  dish.  When  the  excess  film  is  pulled 
the  dish,  the  selected  cell  remains  attached 
viable  for  continued  propagation. 

I  se  this  powerful  interactive  technique  I 
sorting: 

•  Mutant  cells 

•  Transfected  cells 

•  Hybridomas 

•  Rare  cells  for  cloning 

You  can  also  use  the  ACAS  laser  as  a  "photo 
scalpel"  to  interact  with  cells  grown  on  sped 
treated,  heat-absorptive  glass  cover  slips  or 
culture  dishes. 

Command  the  laser  to  produce  localized  lies 
of  target  areas  to: 

•  Select  homogeneous  cell  populations 

•  Ablate  single  cells 

•  Eliminate  large  areas  of  cells 

FHiP — Dy  namic  Parameters  of 
Living  Cells. 

Fluorescence  Redistribution  After 
1‘hotobleaching  (KRAI’)  techniques  involve 
photobleaching  fluorescent  dve  molecules 
discrete  sub-cellular  areas  with  a  high  intei 
laser  pulse  creating  imn-fluoresaut  patches 
rate  at  which  the  patches  are  filled  bv  uiihlea 
molecules  from  surrounding  areas  is  metis 
by  periodic,  low  intensity  laser  scanning 

I  se  ibis  unique,  non- destructive  tool  to  di 
measure  a  wide  range  of  cellular  dy  utilities  i 
as: 


•  ".ceptor  mobility 

•  Membrane  transport 

•  Macromolecular  assembly 
•Cell-cell  communication 

*  t  ."-kte  i  Ulti'f  IS  »  !fj<lni’..trlv  •>!  M-rMuit  Imirunniits  liK' 


From  Signal  to  Image— -The  Basics 


Fhc  schematic  above  shows  vou  iht*  basic  optical  and  signal 
paths  The  beam  is  directed  along  the  center  of  the  optical 
path  and  focused  to  a  small  spot  be  the  microscope  objective 
onto  a  tluorescenth  labeled  cell 
Fluorescence  emissions  an1  collected  be  the  objective,  and 
direc  ted  to  photomultiplier  tubes  be  a  series  of  mirrors  and 
lenses  Appropriate  wavelengths  an*  selected  be  the  choice  of 
filters 

TV  following  sequence  describe*  how  the  AC  AS  acquire* 
and  displays  fluorescence  data: 

I  (ells  of  Interest  an*  positioned  above  the  objective  be  the  X-Y 
scanning  stage  \  touch  of  the  hnger  starts  the  stage  moving 
to  begin  the  scan 

l  As  the  stage  moves,  the  focused  laser  beam  Is  briefly  pulsed 
bv  the  \()M  Data  is  collected  at  intervals  as  small  as  0  is 


t  The  photometric  detection  svstent  captun*s  the  fluorescence 
emissions  during  the  lA*>«*r  pulse  The  resulting  electronic 
signals  are  digitized  and  stonsi  bv  the  computer  along  with 
the  stage  eoortlinaies. 


A.  The  computer  displavs  the  signal  n*sulting  fn>m  a  single  laser 
pulse  as  a  pixel  with  a  color  or  gray  value  that  represents  the 
intensity  of  the  emission  at  that  point  Single  or  two 
dimensional  scans  are  obtained  by  repeating  this  process 
while  the  stale  continues  to  move  until  (he  selected  number 
«>f  data  points  atv  acquired,  (bur  example,  sex*  WISH  cell  on 

farm*  page* 

A  Fluorescence  Intensilies  an*  converted  lo  numbers  tie, 
concentration,  rate:,  of  diffusion)  depending  im  ihe  software 
package  selec  ted. 


micron 


REASON 


QIANTITVl'IVE 
•  FUOKFSCEME 
Y1EASI  REMENTS 


Specificalh  designed  for  low  level  fluorescence 
detection  and  quantitation  in  living  cells,  the 
AQS  a~0  gives  you  numbers  you  can  count  on. 

Only  with  the  A(AS  can  you 

•  Measure  phvsica!  and  biochemical 
changes  within  cells 

•  Automatical  acquire  data  and  calculate 
histograms  of  fluorescence  variations 
within  cell  populations 

•  Directlv  obtain  macromolecular  rates  of 
diffusion 

•  Measure  Ca'  *  pH  and  other  ions  using 
ratiometric  methods 

•Obtain  rapid  i microseconds )  temporal 
measurements 

Sensitive,  Quantitative 
Measurements  with  Minimal 
fbotobleacbing 

The  AfAS  s'O  h  is  harnessed  the  unique 
pri|ienies  of  coherent.  mon<x.hmmaiic  laser 
illumination  In  provide  researchers  with  a 
powerful  tool  for  fluorescence  quantitation 

fluorescent  pmbes  provide  a  high  degree  of 
seiisitiutv  and  sjsec ificits  but  are  susceptible  to 
phoiobleaching  especulh  at  the  low 
Concentritiolis  required  *■  if  the  stud',  ot  living 
Cells 

Hie  VAX  is  designed  to  rev.he  this  problem 
through  controlled  laser  inteiisitv.  duration, 
and  s[«'t  'i/e  Hie  laser  beam  illuminates  on/y 
the  area  to  In-  measured  and  only  during  the 
time  o|  measurement 

\  o  anputer  controlled  .u  ousto  optic  mndulatur 
I  V>M>  providi  s  r  ij.nl  t  h.u.ges  111  the  laser  'jM 
mtensitv  and  duration  v -utirom/ed  with  die 
\  \  scanning  stage  the  V»M  sequeniialb 
e\|Nises  small  areas  of  a  cell  to  brief 
<  microseconds  i  laser  pulses 

liuruiga  scan,  therefore  each  point  in  the  field 
is  illuminated  fornnlv  a  friction  of  tlietnneas 
required  bv  full-field  illumination  sv stems,  and 
with  (letter  sensitivitv  The  results 

photobleach  ing  under  control. 
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Strum  stimuiatmt  increase  in  intraceilular  calcium 
Intis  in  human  itrutocarnnoma  ctUs  laMed  uilh 
Mi- 1  I  Country  of  Ur  Harjarri  Hack.  Ueruhan 
hvtrumentr.  Inc ) 


Ursfumse  of  .in  erts  laMrd  mlh  the  /httvscinl  pH 
tmtuah*  WOlf  I  hi  ri/rru  tn  iCimrtm  n/Omimi 
put.  Umhtn  Instrummts  Inc  I 


Stmutianmms  ihm/  LtM  im,tye  n(  \httk 

utth  null  Jr  and  /fo/w'rvrwf  atilt 

imJtttr  ktmae  tf  tmrlru  of  hr  l*Hn\  {Jmntt  l  nit 
itf  itfUMngttm  Vib rW  »»/  W»Wh  tne  i 


Demi  torn  t tf  jtl  (t(l  cufnei  nf  4/i/  m£\i  St  inula 
hSrMft:MttnH  tn  the irukrtm* itH hnr KStiJ  (Omrirty 
nf  Or  fivl  Hreuntf  UD  inJrrmm  Hu\pihJi 


TUB  ACAS 
REVEALS 
THAN  Ml 
THE  EYE 


The  ACAS  uses  a  focused  laser  spot  i 
advanced  photometric  detection,  to 
sensitive,  accurate  fluorescence  meat 

With  the  At 'AS  you  can: 

•  Minimize  interference  with  cell 
functions  by  using  lower  dye 
concentrations 

•  Detect  fluorescence  even  when 
small  number  of  sites  are  labeli 

•  Perform  multiple  measurement 
cell  with  minimal  photohleachl 

•  Simultaneously  measure  two  ei 
with  tiie  dual  detector  option 

Photomultiplier  tubes  provide  the  s( 
gain,  linear  response,  and  large  dyiu 
not  found  in  video-based  systems  T 
under  most  experimental  condition! 
S'O  provides  vou  with  reliable  data 
cells  with  minimal  photohleachmg. 
without  the  need  for  signal  averagir 

With  the  ACAS  570,  the  ()m 
is  Your  Imagination. 

from  cloning  cells  to  rapid  calcium 
measurements,  the  AfAS  Interactive 
Cytometer  gives  vnu  more  mformati 
your  cells  than  pretty  pictures. 
Designed  hv  cell  researchers,  the  AC 
integrates  laser  illumination,  photo 
detection,  and  comprehensive,  him 
software,  for  the  broadest  range  of  u| 
in  cell  and  molecular  biology  availi 
single  instrument 

Options  such  as  quantitative  coufnca 
video  processing,  and  dual  plmtoini 
offer  you  the  flexibility  and  versatill 
accoumvxlale  present  and  future  it 
The  VAX  also  comes  with  the  Merit 
commitment  to  total  customer  sup| 
assuring  maximum  performance  a 
pnxluctivity  fmm  your  instrument, 
dedicated  staff  of  cell  biologists,  eng 
computer  scientists  are  immediate!; 
with  a  phone  call  to  answer  your  a| 
and  instrumentation  questions, 
These  are  a  few  of  the  many  reason 
At  AS  s'O  is  The  Cytometer  For  J 
Reasons, 

To  discover  YOt  RS,  call  us  at  I  -HOQ 
In  Michigan  call  il'-.VtO-'JOO. 
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Application  Note  Number  E-I 
Quantitative  Ratioing 


Calcium  Measurements  In  Single  Cells  with  the 
ACAS  Interactive  Laser  Cytometer 

Margaret  H.  Wade,  Ph.D.  and  Susan  A.  McQuiston, 
MT(ASCP),  Meridian  Instruments,  Inc. 

Intracellular  free  calcium  in  single  cells  can 
be  quantitated  using  the  ACAS  Interactive  Laser 
Cytometer.  Small  changes  in  free  calcium  can 
have  dramatic  effects  on  many  cellular  processes 
including  cell  motility,  muscle  contraction,  gap 
junction  function,  fertilization  and  cell  division 
(1-5). 

Free  intracellular  calcium  levels  are  typically 
between  50  and  150  nM.  These  levels  are 
approximately  20,000  times  lower  than  the  total 
calcium  concentration  estimated  to  be  bound  in 
mammalian  cells  or  in  the  external  milieu.  Most 
of  the  calcium  within  a  cell  is  sequestered  within 
nuclei,  mitochondria,  and  endoplasmic  and 
sarcoplasmic  reticuli.  Multiple  mechanisms  in  the 
cell  maintain  this  enormous  concentration 
gradient.  Other  mechanisms  are  responsible  for 
releasing  free  calcium  ions  into  the  cytosol  in 
response  to  a  variety  of  environmental  stimuli 
(5,6). 

Calcium  ions  are  therefore  regarded  as  “one 
of  the  most  important  intracellular  messengers  in 
biology"  (7,8).  Since  the  changes  in  free  calcium 
levels  which  trigger  ceil  activity  are  minute  and 
often  very  rapid,  quantitating  these  changes  has 
been  technically  very  difficult.  Recently, 
however,  Roger  Tsicn  and  his  associates  (9)  have 
developed  a  fluorescent  calcium  indicator,  Indo-1, 
which  is  particularly  well  suited  for  quantitating 
rapid  calcium  flux  in  single  cells. 

The  fluorescent  probe,  Indo-1,  is  used  to 
monitor  calcium  in  its  bound  and  free  states  by 
exciting  the  dye  with  the  351-363  nm  lines  of  the 
argon  laser,  and  simultaneously  detecting  two 
emissions  at  405  nm  and  485  nm  (9).  A  ratio  of 
these  emissions  is  computed  automatically  by  the 
integrated  software  and  allows  quantitation  of 
free  calcium  within  the  cell  The  ratio  method 
eliminates  most  of  the  problems  associated  with 
dye  leakage  and  concentration  of  fluorescent 
probe  within  the  cell,  and  the  simultaneous 
detection  provides  for  extremely  accurate 
quantitation  of  temporal  and  spatial  calcium 
changes.  The  laser  excitation  source  provides  a 
small  beam  (about  I  micron  in  diameter)  which 
both  allows  for  extremely  low  levels  of 
fluorescence  to  be  detected  with  minimum  laser 
power,  and  greatly  reduces  the  amount  of 
photobleaching  that  might  occur  with  repeated 
scanning.  The  X-Y  scanning  stage  allows  for  .25 


micron  data  acquisition  to  provide  maximum 
spatial  analysis. 

Several  types  of  experimental  data  can  be 
collected  using  the  ACAS.  Single  point  data, 
integrated  cross  sectional  line  scans  as  well  as  two 
dimensional  spatial  scans  can  be  measured  within 
a  cell. 

Calcium  is  quantitated  directly  in  cells  by 
comparing  the  ratio  of  the  emissions  to  that 
generated  in  a  standard  curve.  The  standard 
curve  is  produced  by  mixing  the  Indo-1  free  acid 
with  varying  amounts  of  added  calcium  in  a 
physiological  buffer  containing  EGTA.  A  typical 
standard  curve  is  shown  in  Figure  1  where  the 
Detector  2/Detector  I  ratio  is  plotted  against  free 
calcium  concentration. 


F'fura  1 .  Standard  curve  of  the  ratio  of  the  two  amiaaiona  generated 
by  adding  calcium  to  EOTA  containing  aolution  of  Indo-1  free  acid. 

Examples  of  line  and  image  scan  data  arc 
presented  using  serum  starved  human 
teratocarcinoma  cells  (HT)  labelled  with  1  uM 
Indo-1  AM,  the  cell  permeant  form  of  the  dye. 
The  addition  of  fetal  calf  serum  to  these  cells 
causes  a  sharp  2-3  fold  increase  in  calcium 
concentration  which  then  returns  to  a  baseline 
level.  The  particular  component(s)  in  scrum 
responsible  for  the  calcium  spike  have  not  yet 
been  identified. 

Figures  2  and  3  arc  typical  examples  of  line 
scan  dat3.  Figure  2  represents  one  of  the 
consecutive  scans  across  the  cell.  Figure  3  is  a 
ratio  plot  of  the  integrated  value  under  each  scan 
as  a  function  of  time.  The  vertical  mark  denotes 
the  time  when  scrum  was  added.  The  temporal 
shift  has  occurred  very  rapidly  and  the  calcium 
levels  return  to  baseline. 


Figur*  1.  Un«  MU  data  ahow.nf  King  Kraal  thi  call  with 
fluoraacanca  il  both  40*  and  4**  dttplayad. 


Figure  3.  Ratio  calculated  from  th*  integrated  value*  determined 
from  400  lina  Kan*. 

Figure  4-C  show  an  example  of  the  2- 
dimensional  image  scans  that  can  be  generated 
in  a  timed  mode.  The  relative  fluorescence 
intensity  at  both  emissions  in  the  first  of  twenty 
scans  is  plotted  using  the  color  scale  denoted  in 
the  center  of  Figure  4.  In  Figure  5,  serum  was 
added,  and  by  using  the  standard  curve,  the 
ratio  of  Detector  2  over  Detector  1  is  plotted  as 
calcium  values  (calcium  map).  This  map  can  be 
produced  for  each  of  the  20  images  generated. 
In  addition,  a  plot  of  the  calcium  concentration 
versus  time  in  the  designated  cells  can  be 
produced  as  in  Figure  6. 

Use  of  Indo-1  provides  high  sensitivity  of 
intracellular  free  calcium  concentration. 
Controls  should  be  used  to  insure  th3t  the 
fluorescence  detected  is  calcium  sensitive  (9-12), 
including  manganese  quenching  of  the  Indo-1 
free  acid,  assessment  of  any  Indo-1  ester 
fluorescence  and  polarity  adjustments  to  the 
standard  curve  (13). 

Quantitation  of  transient  calcium  values  can 
easily  be  obtained  in  single  cells  using  the 
ACAS  Interactive  I.ascr  Cytometer.  Spatial  3rd 
temporal  resolution  of  calcium  can  be  analyzed 
using  multiple  scanning  modes.  Production  of  a 
standard  curve  allows  for  direct  quantitation  of 
calcium  within  cells. 


Figure  4  Two  dlmcnejonal  pM  of  d*t»  ihowlng  both  «mlMlon«  tor 
a  numb*r  of  elngl*  ft 'll. 


Figure  I.  A  plot  ot  th«  reuo  of  d«t*ctor  2/d«t*ctor  t  *ft«r  addition 
of  Mnun. 


Figure  6.  Tim*  plot  of  th*  ratio  value*  *xpr****d  aa  calcium 
concentration  from  tha  calls  in  Figure  S. 
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\/i/t  fJtmfthtttuhl •  hJitur  t>rufth  shtHi »  itvnm 

of  flmmuentc  tothmiHR  sf*M  hUiuhiuy  ■  >*  >'/*• 
ttn  i  ”ur1r\)  i./ Itr  Uaryonrt  tf  >*tle  deruium 
ments  tm  t 


Inert  tmnmt  <m  of  hi  U  neurtfet  ti.mrles)  of 
Itr  S’etrn  th  uhrmunr  Un  htg,tn  sta*e  I  nit  Urf-, 
of  Iff)  ittihnp  I 


ACAS  570... 

The  Cytometer  for  All  Reasons 


Retaou 

INTERACTIVE 

#1 

laser  ■  ■  ■ :  V  •  •' 

1 

CYTOMETRY  ;  /. 

The  AC Vs  "0  Interactive  Liser  Cytometer  lets 
you  go  beyond  observation  to  Interaction  with 
your  cells  in  culture 


Vou  command  the  power  of  the  laser  tor  lie’s 
research  capahliV'  including  interactive 
techniques  such  a'  rare  event  selection. 
micrsMirteri  and  t!u<  ■•'scence 
I'imtiihleaci.ing 

CELL  SELECTION  I  S  Cl  IT!  RE 

Ihe  V  As  in  die  o!',h  i:iNtruiueiil  that  lets  vou 
select  Cells  direct!'  tr>  rn  tdiieri Ceil  culITVs 
for  iNolalio.r,  pri  p.igati-n.  ,i;id  a  nab  us 

•  Sorting  Cells  the  ACAS  Vlay 

n m  adherent  u  !K  without  removing  them 
fr>’tr  culture  using  the  uuiijia'  patented 
CmAie-t  oiler  ”  *pr's V'n  Hun  |  ■  •  c  .1 
antonulic.iilv  in.  I.iicn  a  uncle  cell  i>,iv.|  on 
an.ihtical  me.isuremeiitN  the  nvence,  or 
iiioq>lto|i.g\  from  a  pop.iutiuii  growing  on  a 
film  luted  did) 

\  high  iiiii'ii'itv  l.iN«  r  C  .mi  encircles  the 
n«  !.  i  li  d  ceils  lUNing  m'lagon  n|i.||xs|  cookies 
to  die  ml:, ire  diNli  \\  hen  die  ti!m  is  perl.-d  nit 
die  !in! :  ni  ,  ,  |K  retiMiu  all.ii  lied  and 

I  '1  T li1  *!e 

1 1  in  po.M't ol  IntenuUvr  in  lmiijiie  is  idea! 
when  wn'king  willi  sm  ill  .jiunlilii'N  ot  cells 
a;.  I  ran-  tells  niuIi  as  mutants,  iransletted. 
tells  and  h'l'ridmius.  even  at  frequencies  of 
one  m  a  million 

And  v»r!)  cell  list  meumr  vnur  selected  cell 
localisms  are  ston’d  lor  reputed  scans  of  the 
same  tell  or  apt il.itn <n  Ml  tells  over  time 

*  laser  Ablation 

ICol.le  fell  m if v  |>opiilalious  using  automatic 
laser  ■'!  ttlialion  |o  tleslrov  either  lluorescent  or 
non  lluorest  ent  cells  leaving  desired  cells 


undisturbed  for  continued  growth  as  a 
homogeneous  culture. 

Celis  are  grown  on  specially  treated  glass  cover 
slips  which  absorb  high  intensity  laser  light  to 
produce  localized  heating  and  killing  of  only 
the  target  cells 

Ceil  Selection  applications  include 

•  Mutant  selection  based  on  physical  and 
biochemical  characteristics  including 
mcinlrane  protein  lateral  mobility,  gap 
HinctMii  coiiimu.iication.  and 
transfection 

•  Selection  and  cloning  of  transformed  cell 
lines  such  as  smooth  muscle.  Chinese 
hamster  ovary,  and  human 
teramcarciiioma  stem  cells 

•  ls.sf.iri. ui  of  siihpopulatioiis  of  Imman 
ms  l.mocytes.  T cells,  and  parenchymal 
liepatocvtm 

(  FLU  HR  MICROS l  RGERY 

VA  i!!i  ths-  MAS  s'O  you  can  use  the  laser  as  a 
i'h.  .ton  scalpel  to  perform  cell  surgen  on 
k:  lividual  cells  create  transient  pores  m  cell 
iiii'mhr.inrs.  and  iM.ite suh -cellular  ore.iuelles 
'  ic!i  is  u.itoclis'ndri.i  ansi  l's<vsoines  laser 
'  i-.g  "  can  N1  coupled  willi  i|ii.mlil.ilive 
I'u.-rescnice  aiulvsis  to  provide  insighi  into 
. .  li.il  ir  .'rui'tore  and  function 

eh  okEscExa:  pnoroRtEAausa 

Hie  v'\s  puts  ('liotohle.iching  under  \ our 
o  -otrol  t  se  the  laser  as  a  photon  gun  to 
phot. li'leach  or  photo. ictiv ate  for  real  time 
measurements  uf  molecular  dviuimcs 

•  Fluorescence  Redistribution  after 
Photobleaching  ( FRAP) 

FRAP  ie<lioii|ues  involve  pliotohleacltmg  an 
area  or  volume  of  a  lliiorescentlv  labeled  cell 
with  a  high  intensity  laser  pulse  llie 
movement  of  uiihle.ithed  lluorescent 
molecules  from  surrounding  areas  re¬ 
establishes  Ihiorescence  in  the  bleached  /one 


suhcetiular  localization  nfprttinn  kttuts*  (  in  rwuro- 
Nastomui'Xiioma  (Vi)  cell*  using  a  fluomcenf 
[•h/tri*  Jester  (Omr1ei%  off  Jr  H  <  frrshtuistngh  true 
of  Otftfomw  fnohin'o) 


in.ihu*  of  {he  ift  sfrt  hut  ton  of  *uh  < eJnJ.tr  f<r>,u>tn 
kiotor'i  'w  V,ielf\  Lthek'ti it  ifh  ,i  tfwo  ^  .  »»,*/ '*»rVW 
f'.lrr  IS  J,  •not  en,  h,s4uf  ,:o'tO  on-  mt.eih  /»v/  (*•* 

n't-frihufion  <  hotvt's  t(  nurte\\  of  Hr  H  \ 

hrji,uj\itry'h  (no  of  i  ofi  font  to  \w  f  r-nn  tv  ot 


With  AOS.  urn  can  direct;;-  measure 
molecular  diffusion  or  flux',  and  decree  of 
recover-,  and  u>e  thoe  rate  determinations  to 
•.•cl-  -re  cellular  architecture  and  mechanics. 
!..cu;.ii::a  cyfoskeitvni  organization.  nuclear 
membrane  structure.  macr-uit-decular 
assembly,  and  plant  cel!  /.all  porosity. 

•  Celt-Cell  Communication 

Cell-cel!  communication  techniques  also  rely 
on  fluorescence  phrtobleachmg  to  measure 
intercellular  communication  between 
c-  ■:  itacting  plant  or  animal  cells  (lap  junction- 
mediated  intercellular  communication  in 
animal  cells  is  thought  to  play  an  important 
pile  in  the  regulation  of  cell  proliferation  and 
differentiation.  providing  a  potential  screening 
as- tv  tor  emimnmental  toxicants  and  drugs 

!  se  V  As  IRAi'  technique  to 

•  Me.,-,  ire  the  lateral  mobility  of  cell  surface 
pp-tens 

•  1  n  tt-mr  !■:«*  membrane  pnnntu! 

•  <v'.«a:.tit.it<-  protein  kinase  C  distribute >u 
and  trai.'i»c.ition 

•  Measure  the  modulation  of  cap  iiincte'n- 
m-siiated  ceil  cell  communication  h\ 

I  nr  -  ,-r  n; -’  ,-s  growth  fact- -rs  and 
citric-  He1  it  i- -ns 

V-id  t!.«  dm:-  r-i-m-f  interaction  tovmir 
-•  d '■ed-.-.r  os-  i'i  ii  He-  \C\n  '*<i  is  the  t-»>| 
■  i  : h  -  d  |-.r  c*  il  s<  Icitem  and  ii  i  -o  sceuce 
e  -  ts-irene  ut'  in  culture 


I!. is  is  .-iib  •  n  is-.;i  wlr  dir  V  V-  ;'-i|s‘!  e 

Cytometer  For  \ll  Reason*. 

I  -  !e :!  .il i‘  :i’-  '*■  a!!  ns  |!  M-0  j  i  ’  sos  (  I--, 

M-  hican  i  r:  '- ; '  q  i- ' you 


MERIDIAN 

Instruments.  Inc 

*M|0  StkfHT 
Okrmm.  Mi(hit4n 
\\\  iSn  vxr 


<  J‘W>  Mr* lift ,4ti  Inslntnif  tits  |ih‘ 


C+dt  turn  cmciUntums  in  fnr\ht\  im  doted  rut  i**rta  ceils, 
•titotrttt!  utVt  the  fluorescent  otkium  pnd#  Indio/ 
t  Courtesy  of  Ur  Ollier  fhn‘.  fin. dot  i/i t*n  Co  t 


HP>  Utf  infected  Cl  V-  VV  tfii  stained  b\  indirect 
tmmumtflwnt%cen(t  uun g  an/iaif)  //ft  tOmrtex 1  >-f 
In  Jonathan  Marten  \itunud  Institute i  of  Hndth) 


<  h>dr\trod rsiet  ,u ,  u muii iimn  in  human  m>*  » •fdmrr* 

t famed  utth  rule  nut  from  ftatienl*  inth 
artery  Ji*yt%e  i<  .urtesy  nf  t)r  t u\yn*  k< >nn 
Oklifutmn  Urdu  a  Ufuiutnh  bwntlih'<n  • 


tint* tqwm  nf  i  hdederrd ester  ms  t  muiathm  m  human 
nun  \h  fitted  mi/A  rule  nut  H  nmrtesy  >d 

(fr  tui/ene  kitten  hktahumn  Stedtud  teseanh 
hmnthitUrn} 
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TTie  Cytometer  for  All  Reasons 


QtANTITUTYE  .. 

n.t  ore$(;ev'e  v:* 

MEASI  REMENTK  . 

r-fi.-  ■  :■  a  ' 


The  \<1\S  5"u  Interactive  laser  f  mo meter 
unleashes  the  .tnaiuicai  power  of  fluorescence, 
giving  vou  reproducible  Quantitative 
measurements  nf  cellular  'tincture,  function, 
and  spouse 


Fmm  single  and  multiple  measurements,  to 
simultaneous  emission  ratios.  vou  get  real 
numbers  for  fluorescence  quantitation 
ranging  fmm  I  »\A  content  and  molecular 
diffusion,  to  intracellular  C.r  *  aixl  pH 


Q< .  1V77TI771 T  fU  ORESCEVCE 
.SPPUCATIOSS 

PtrvsicaJ  and  Biochemical  Measurements 

I  Mia:  two  dimmsMiul  CxtvyVIX'e  .UVlh'Is  'Id 
cuierih  uientif'  ex!  quantitate  cor.'ent. 
;ieq«M>io  uxi  distribution  a  ce!!.;l.if 
csnpMxrits  v«h  as  natnlx'ixiai. 

1  >\ A  k\\.  vtrxivil  pr-vins  oi/nixs.  .uxl 
seep*  .r  n»  Ax'i  ilis  in  *xx'  ci  il  *  cbuixinds  of  cells 
I'i  xit/M)  hi  (.ui  nx-.tvure  a  v:ir,*n  ol 
!* •  ixinx.il  .xtr./Hs  v*li  n  nxvhr.ux'  jxteniuj. 
■  .1 1  it si  'litis  .mil  !i.'„i;xl  !i:«li  .g 

<  , .rent  i; ^vIk.i:i> .i p.  iixfsir 

•  ■,*  i.  ■*  i  *•'  v  Lun  1.x-  i:«l rvpur  ildx' 

m  .  ..  =  h :i 

hi  .i/ti  i!is!ni«i!x<i  <4  pritu.i  kiu.iM' 
<  mig  tld.'USii’nl  |ix*ftx*l  fSl*TN 
• »»«.!• *.  ul  iiu.Ait  xirnlitx.i'x  hi  of  l.omui 
r.in* if  "  i\  iii  iiumh i  cnhi.ss 
• hi  i/h  li  Indi/.itm 

•  Calcium,  pH  and  other  Intrarrlluiar  kma, 

All).  '!»  X  A  'HI  i. Ill  rapkik  ilx-.tvirr  slug!*’. 
I1llif!l|>i<-  ■»  ulltllllUX'HI'lhwl  <H'.ISSMtV  III. I  j*H0t, 
lux'  <1  IWO  i 111 IX IN* HI. ij  IITUge  M.UI  INIlg 
r>!  y  m  it  .  ^  •■N  si  x  It  Is  '\v)>  I"**  (min  land 
IX  I  (  |  1  ••  .a <  u  il  Hi.tU.irr  Iii  IjA  '.i>u  generate  i 


standard  carve,  and  calculates  ratio  or  dual 
label  tempor.il  and  spatial  concentration 
gradients 

Quantitative  fluorescence  measurements 
include 

•  (Mnsnlic  Cr  *  response  to  a  varietv  of 
ch.emicals.  including  tumor  promoters, 
growth  factors.  and  hormones 

•  kepetitive  transient  (la"  *  oscillations  in 
single  heart  muscle  cells 

•  Simultaneous  Cr  *  and  pH  measurements 
in:. a  file  visible  probes  Finn-  s  and  SSAKF- 1 

Fluorescence  Redistribution  after 
t’hotobleaching  (FRAP) 

The  \C\S  puts  photohleaclnin;  under  \ *mr 
c*>n;sd  f  se  the  uui<|i:<*  tool  of  ilaoreM'ence 
pfiotoHeachmjt  to  create  optical  gradients  at 
s|>vi!tc  intracelliilai  sites  or  m  whole  cells  lor 
rvai-tmie  miUMirements  of  cellular  dviumus 
a. at  juft  ris 

ikVi'  '*  .dvnques  directlv  nie.isnre  moiccul.ir 
.hi;  isi  >n  or  flux,  and  degree  of  recover 
important  parameters  in  understanding 
a  m  navlurac'  and  architecture 

V'\>  I  KM'  teilmi ■  nil's  measure 

•  I  uY'.il  ns  l"h!v  of  niniihr.me  proteins 

•  |,'*  A  !1  a  III  !>•  *re  dl.lin*'!*  r 

•  *■  t:.s  (n.-mbraue  UUCP  01 1* >:*'S  ,d  If 
ns  f-ilih  rates 

•  Cell-Cell  Communication 

I  fit-  vi.vs  is  also  uv<d  to  measure  mterceiliifar 
communication  between  coiiliguous  cells  in 
animal  and  plant  tissue 

Hus  protocol  reiving  on  tliiorrsieuci' 
phi't"l*l*,.ii  timg,  measures  moKcul  ir  tr  msfer 
lhr";igli  ceil  gap  |unclions.  gaining  important 
insights  into  the  regulation  of  ceil  proliteralinn 
.in>l  differentiation  and  is  a  |vi|en!ial  vreenuig 
•isv.iv  f> *r  emmminental  toxic.inlv  and  drugs 


~  ,.  i  ■  . 


tJrttt  tinH  t>f  <6*1  fthntt*fmniuc!\  th  / 1  •  iniuiuiieti  \P  \ 
t«v'A  61  ,/  ntnum  fi'iuil  «/i  tl  \  </W  —  u  f  \t  i 
•i'-urh’s)  nf  Ifr  fnshin  1 ton  ktithKUUtf  /  mtr*\rh 

hlflt/r,  I 


I:  vrcti'nlar  communication  measurements 

•  !;:h:r;::*  <»f  gap-jimcaon  mediated 

a  rc:  ;  ur  .  .c.iV.u 
n  <«•«*>•;; ;  ic;.*rs 

•  Modulation  of  Hinc!,o;i  bv 

mtracei’ular  levels  of  ij-”.  pH.  and  cAMP 

•  Control  of  transport  Ixtueesi  plant  cells 

•  Quantitative  Immunofluorescence 

ImmuiioSiUnresceiKe  techniques  can  Iv  used 
for  sensitive,  rapid  screening  a*s;n<  on  the 
vi.’cs  Vm can  monitor anttqen expression,  cell 
hir.ditiS  and  kiilmc  as  writ  as  quantitative 
•no-rh4  <sca!  information  ij  e  .  mean 
t;.."r»Nience  and  cell  si/ei  for  sensitive,  non- 
s;.;  active  measurements 

Va  can  ..•<  the  .Vltf  f-.r 

•  scrtvnmc  s  f  asm  !ii\  compounds 
•O'  ti>\ur;.  jssr-  of  \K  all 

:  auiv  •,1'ar's 

•  VrrtT  !  £  f-  v  | 

t  \j  Hi  *un*»‘ '■*  !iw  x  m  V ‘ ,  :s 


V  i  :■  •:n,.:.s|.'.:i  [quantitation  ,r 

O  .1  :  r  n  o  r*.  .';  Il’e  V  Vs-  ■'"w  :> 


!  so..'!-.  j*,io  .if  -  •(;«  \<'\s  s'u  is  •;  e 

<  vtometer  for  til  Reasons. 

;  ’  !  •.,!  •>  <  ,• i;  «.»  ; .  ■  s.  ■  . ,  ;  , 

od.l.'i'i  .'.In  'i*  S|'l  ‘.|S| 
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ACAS  570... 

The  Cytometer  for  All  Reasons 


Reasim 


m 

Hit  v  AS  Interactive  User  ('Homier  is  the 
instrument  for  quantitatne  fluorescence 
.nuh'is  and  .inherent  cell  virting 

Hie  |«iui-r  of  the  ViAS  lies  in  the 
omprel'K't'Mve,  interactive  software  tlat  teams 
User  cxtometfv  a trh  adunced  computer 
technologc  ,ck!  j  fast,  flexible  operating 
x. stein  going  cnu  integrated  .LiU 
k'  position  anahsisand  management 
<..ipahibties  that  are  ease  to  lean)  and  e.ts'  to 
.se 

ippric  <  r/ovs  msn)  progr  twv 

FOR  THF  (  ELL  BIOLOGIST 

i'i>j  set  a  i<oxM-rfnl  .isvirtment  -if  flexible 
;  rograms  with  applications  ranging  tmm  ul! 
t  . !  :n-  In  ;:lar  to.  .Ins',  to  ti >\io >i« -C- 
ill')..' . g\  m.i  oi  'irolioli.s' 

•  Image  Ynalc/r  I'ao  dmi<  - m-  ■  al 

i  .  m  elk  i  <jti.ir.ilT.ltl. <D  ot  singi.  •?  .I  .  1 1 

i  :t  iw  is 

•  Yuto  Image  Vi'onft  s.  i..  i 

•"  ••  m  *-..e  ,  i. milt. i'|.  si  ..I  ,i  . 

!,-  h  '  'hi  s.uile  III  Id  "\*r  tune 

•  Ratio  VnalesU  l,)u anti'.iti. -n 

"...  tl..!  ir  I  a  '  |'ll  ..r  ->!li< ;  i  •  . 

•  (  ell  Sorting  Via  <  -  -  c  * 

■  !'■>  '  it'1’  Cl'  'll 

•  FRYP  M<  min  ii.ent  "f 
it.  i<  i 'ilk.l.'i  iil.tr  diffusion 

•  (ell -Cell  VleaMiri  ilielil  of  'll!,  f 

.  i  d.dar ,  oimminii  atious  \ i.i  gap 
;oo. ! i-  .in  or  gent  ral  kinetic 
measurements 

•  Cell  UM  More  Iik  atiom  of  <a  l<  <  '<  >) 

nils  for  automated  ineaso'eii.1  t.n 
v  l  i  ning  <  ell  selection  and  recoiVig 

SIHPIIIIFI)  syWF  H  ISTERMTIOS 

I k  signed  l"f  .niiple  ..|«  r,iiioii  right  f  o on  '!»• 
••tart  the  lotoitive  menu  drum  H  VS  v.ftw  irr 
I.I  ips  M  II  ii'.irn  'lie  sc  sfrill  r.lsih  ,ii  i|  K  imiim’ 
prodoi  ti .  i*  .j!ii<  kh  for  rx.iiiij.le 


•  Perform  ail  operations  from  the  logtcaih 
organized  main  menu  using  east  pull 
iho.ii  menu  functions 

•  I  se  :1k-  convenient  moose  or  kecKurd. 
working  m  parallel  for  fast,  simple  inter 
.tciion  *  ith  instrument  hardware  </«</ 
software 

•  foil,  .a  die  screen  prompt..  a:«i  menu 
disjdax  for  instant  selection  of  wur  next 
step 

•Custom  tailor  directories  iiul'siv 
parameters  palette  colors,  graphics  and 
mam  other  programs  with  the  mtegra'eJ 
editor  functions 

mm  (ostroi  o>TJt  mv 
EXPERIMFST 

n.e  \<  Xs  s. .Aware  nuki*s  it  .-a"  to  desig :  and 
toml'u'  our  expi'nine’i!  diru'th  fn  m  the 
vns'n  h»  integrating  ojiucal  mechanical  a:.. I 
<  "inpo ter  hardware  f mx To o is 

'A  it!,  ’he  tom!)  of  a  tmger  to  i  can 

•  o  •!  <•  n,.  use  iffa  to  easih  s»  1<cT 

I  \;<  !  'al  par  inn  T<  rs  1.1.111  the 

j.'  gr  im  inetni 

•Mi  ■  i  i;i-.  C  'rti.l  r.str’nmeul  functions 
soil,  is  in.  i'.<  in  ot  "( 'he  scanning  stage. 
iou  im  r  ini* 'isitv  ns!  duration 

•  lx  ■'  rm  ii  slrumi'i'.t  i  liih'ition  and 

.  si.  m  li  ii'.nosii,  s  ti-m  the  cnmpo'cf 

s.  '<  t  1 

•  \  .*  I'ic  I.i.  *.!•  r»‘  <. '  U  ?  •' 

■»  ,  »•  itr-i  m  ,in\  ■  -I  :!t»-  virvn*  i  r!K <^rr 'r.itt' 

(OUPRFHESSn  E  .IV I HSIS 
Ft  V7/OAY 

!  se-  the  iiwipse  drixen  pull  down  menus  to 
aui'  (u iiit  ails  jn-rform  a  canetc  uf  image 
mal.six  tod  processing  functions  including 

.  lit  threslii.ld  and  rescale  data 

•  I  s  line  ,ell\  with  jmligoiis  for  separate 

l  ul-  SIS 

•  I  'nan  ite  . ells  |..r  evi  luumi  from  final 
i  t!i  ilations 

•  r.iiii  n  data  fi.m  ins  ina  or  at  a  specific 
point  m  an  image 

•  (  !>■  ile  histograms  hausl  mi  i  rllul.lf 


average  fluorescence,  area,  perimeter  and 
shape  fac'.oM  mtegnting  hundreds  of 
experiments 

•  Choose  data  rh-s  and  prret  narnneteA 
for  automatic  analvsts 

POVVtfl  l  GRAPHICS 
CAPABILITIES 

Create  a  varietx  of  anahtical  displace  '.citft  the 
pnwertul  graphics  functions  tor  accurate,  in- 
dt]  th  xikial  mteqiretation  of  sour  data  For 
example 

•  Inspl.i'.  fliiorevt'iK'e  sexuis  as  Jsii  gras- 
lesels  or  carlmis  pseudo -color  palettes 

•  llios'i.rite  population  dilf-rences  using 
multiparameter  scatterj'lots  and 

.  grams 

*(K«r!.ic  dual  iHo'tnr  images  for  usual 
cornpanson  and  diyrmnnatiou  of 
fltmrevence  values  tmm  each  detector 

•  <  mate  composite  dispiass  of  up  to  four 
virus  for  c.i'S  comparison  of 

t’  i"f  xeuce  images  and  corresponding 

g:.ijhe.'i 

•  V.itoinatscallj  create  a  grupii  of  the 
tlmresceiu'e  c.ilnti  al  mg  tm  sivufii’t1 
cr  os  section  <ii  a  scan 

EASY.  FFEKIF \TIUTA 
mXU.FMFST 

I1;,.-  •"■•iij.ich  (ti  sigin '.f  \l  AN  v  t'a.ire  sail 
•'ij'-’if  store  and  retrine  sour  data  with  sjn’t'd 
and  floxit'ilitc 

•  l*i  rformdisk  and  tile  nuinlena'ice<|'iick|c 
and  easilc  with  the  dedicated  K  A's  file 
utihf.  sc  stem 

•  I  se  tlw  mouse  nr  kectmird  to  tag  film  fur 
group  or  imlicidual  ojientiom 

•  Vutoiiuticalh  locate  sjknfic  film  on  am 

d'sk 

•  \IN  |KIN  ojieratmg  ssstnti  ensures 
cninpatilnlitx  with  a  wide  range  of  other 
.icailahlr  software 

•  I  I'lts  mtegratnl  into  networks  s  i.i 
f  therml* 
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LETS  DO  AN 
EXPERIMENT 

The  ex*  and  cwif /licit,'  of  the 
j»>n  tr/ul  .-ids'  software  cun  he 
'h>u  >1  best  in  jolhu  ini’  an 
exft'riment 

do  Id  >  •‘vannnr  d*  kinetics  «>f  calcium  in 
hunt;  cells 

TV  M  .V'  >'(>  v an  tv  i.'yn! to  measure  aitra- 
cciiiiljf  calcium  lit  sms!** celK  or  (irions  of 
cells  TV  dial  •oelens’th  Sinaluimn 
Dejection  System  pro’ ides  ratn'.metnc 
iikm%  irmer..\  f'  <r  a  unen  of  evpenme'its 
Nir.)i!c  point  scans.  integrated  cr> >v. 
vi"! i-  >na!  line  vans  and  r*o  dimens»o!'.ai 
span  d  vans  can  he  measured 

Hie  integrated  viftware  automatical'* 
caicuiatts  intracellular  calcium  to 
cninpaniiy.  t)v  emission  ratic*  of  the  lav 
and.  f«iiiiid  forms  of  a  fli-noveiit  ;he  vicn 
-I'ln.ti  l  to t!v rati. a m a sum  lard arse 
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AUTOMATIC  FILE 
INTEGRATION 

Incorporating  an  innovative  file  utility 
system,  the  ACA5  software  automates  data 
management  for  f:ist ,  simple  file  integration 
and  statistical  analysis  For  example:  you 
can  easily  integrate  hundreds  of  individual 
experiments  to  create  composite  histograms 
and  scatterplots  illustrating  a  variety  of 
analytical  parameters. 
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These  are  |ust  a  few  of  the  extensive  data 
acquisition,  analysis  and  management 
programs  available  with  the  ACAS  570 
Interactive  Laser  Cytometer 

And,  one  more  reason  win  the  ACAS  s'O  is 

The  Cytometer  For  .All  Reasons 

To  see  more,  and  find  out  how  the  At  AS  can 
work  for  you,  call  us  at  1  -MO-d-T-WW-t.  or 

<sn  t-4‘)-'d(w. 
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DASY  9000-Data  Analysis  System 


Extend  and  Enhance  the  Analysis  Capabilities  of  Your  ACAS 


•  Improves  Laboratory'  Productivity 

•  Duplicates  ACAS  S'O  Analysis  Capabilities 

•  Provides  Convenient  Access  to  Data 

•  Intuitive,  Menu-Driven  Software,  Easy  To  Learn  .And  Use 

* 

•  Convenient  Mouse  and  Keyboard  Control 

•  Comprehensive  Graphics  Functions 

•  High  Resolution  Gray-Scale  or  Dy  namic  Color  Displays 

•  High  Quality'  Hard  Copy  Reproduction  From  .Any  Screen 

•  MS-DOS  Disk  and  File  Maintenance 


Hu  DASY 9<K)0  Data  Analysis  System 

is  j  complete  data  anal'  sis  A->rkNiait<  »n  dedicated 
M  the  analvsis  and  dispiav  "l  fluorescencr  data 
gathered  -  -it  the  \(1\>  -Tu  nr  A~n  Interactive 
Liser  (Ammeter  As  .m  mdv['endent  computer 
wurkstation.  tht- DIM  provides  convenient  ww 
to  data,  and  rapid  execution  •>[  anahsi'  pn>grams 
without  interrupting  data  acquisition  mi  the 
MA\ 

V'U  also  get  ail  the  p>  xverot  the  comprehensive 
.I'fs.itiii-  V.Vs  software.  providing  anai'si' 
araphk's  and  data  iiun.iunneii!  capabilities  Mr 
,i  aide  ram:e  nt  cell  biology  applications 

\.<w  b>a  can  collect  our  data  on  removable, 
do  Mbv’.e  micrn-tx-rnovilli  disks,  or  I  1  Mbyte 
rloppv  di'ks  tor  an;  '"is  ,m  tlu-  DMA  at  any 
convenient  time  or  location. 

Ik.  relieving  the  V!A>  of  data  anah'is  and 
reserving  it  Mr  viata  acquisition.  the  |)\>A 
expands  !a)vira!or\  ethciencv  s.iung  'mi  time 
i  n!  improving  your  producing' 

SPECIALIZED  PROGRA.MS  FOR 
Qi.ANTITATIW  FLiORESCENCE 
.4.  VI LYSIS 

'(•eciticalb  designed  Mr  cell  and  niolecnlar 
bio|,.gv  applications.  the  DMA  dupluate'  the 
["'Ai-rt.il  anahtical  capahihties  >>»  At  \> 
cuing  von  accurate,  m-depth  anal  'i'  >>t  in 
1  :!>■''  adherent  Cell  tliiofescence  measnreiiients 

.  •  Calcvilatc  fluorescence  distnl'ii’oon  within 
cells 

•  Ooautit.ite  cellular  responses  ratiometnc.dh 
Mr  f la"  pll  and  other  intracellular  ions 

•Calculate  molecular  diffusion  across  cell 
ntemhranes  iFKAI’.  t'.ell-i'eli 
coimminicatinni 

•t'luracteri/e  cell  populations  based  on 
plnsical  and  biochemical  measurements 


\ERSATILE  SOFTWARE  SIMPLIFIES 
INTERACTION 

I  Vsigned  for  simple  operation  right  fmni  the 
start,  the  intuitive.  menu-driven  AC..AS  software 
helps  you  learn  tlie  system  easily  and  become 
productive  quickly 

All  operations  are  performed  with  simple 
commands  accessed  by  program  selections  fn  mi 
tlie  main  menu.  Programs  are  logical!' 
organized  a”.d  quickly  chosen  from  pull-down 
nit-:  Ms  ijsit ig  a  kev  M  i.ird  or  two-butt-  m  mouse . 
working  in  parallel,  to  provide  fast.  e.M  sy stem 
interaction 

For  wimple:  Ise  the  mouse  and  pull-down 
menu  operations  to  automatical!!  perfonn  a 
vanetv  of  image  analysis  functions  including: 

•Smooth  and  threshold  data 

•Mark  selecied  areas  for  separate  analysis 

•  define  cells  witli  polygons  for  automated 
analvsis 

•  Eliminate  cells  for  exclusion  front  final 
calculations 

•Calculate  cellular  statistics  (j  e .  number  of 
cells,  average  cellular  fluorescence,  etc  i 

POWERFl  l. . ANALYTICAL  GRAPHICS 
HLI  STRATE  FLL  ORESCESCE 
MEASIREMENTS 

I  he  o  impreheiwv  e  At  IAS  software  gives  y  on  the 
capabilities  tn  create  detailed  graphics  for  a 
v.irntv  of  anahtical  displays 

•  Automatically  create  histograms  based  on 
cellular  statistics  integrating  hundreds  of 
experiments 

•  Illustrate  population  differences  n  e..  dual- 
detector  scans  i  using  multiparaitieter  scatter 
plots,  and  bar  or  contour  histograms 

•('.reate  composite  displavs  of  fluorescence 
images  and  corresponding  graphics  analy  sis 
for  easy  comparison 

•(hertav  dual  detector  images  for  visual 
comparison  and  discrimination  of 


fluorescence  values  for  each  detector 
•Query  data  front  am  area  or  at  a  specific 
point  in  an  image 

HIGH  RESOL l  THIS  COLOR  IMAGES 
ESH.ANCE  SIGNIFICANT  DATA 

Slurp.  (hOx+SO  pixel  resolution  gives  you 
dear,  vivid  displavs  of  contrasting  cellular 
components  and  histogram  populations. 

Fluorescence  scans  are  displaced  as  gnu  -scale 
or  pseudo-color  images  composed  front  a  variety 
of  user  defined  color  palette'. 

High  quality  hard  copies  of  any  screen  can  he 
quickly  obtained  from  the  color  printer,  or 
through  photographic  reproduction  via  an 
optional  in-line  camera  system  for  As  mm  slides 
and  prints. 

£45};  EFFICIENT  DATA  MANAGEMENT 

Designed  around  a  AJ  hit.  SO’Sb  based 
microcomputer  (IBM  AT*  compatible),  the  1  > ASA 
can  input,  store,  and  retrieve  your  data  with 
speed  and  flexibility. 

Optimal  program  and  data  storage  is  achieved 
with  a  BO  Mbyte  winchester  hard  disk  and  a  I  J 
Mhvte  floppy  disk  drive,  i  Additional  storage 
capacity  is  available  with  an  optional  do  Mbyte 
micni-btruotilli  disk  drive  ) 

•  MS-DOS  Operating  System 

Itv  utilizing  the  widely  accepted  MS-1  K)S 
operating  sv stem,  the  .Adi's  software  provides 
simple,  easy  to  learn  programs,  automating  data 
processing  and  analvsis.  and  minimizing  data 
management  time  MS-DOS  also  pemnts  the  use 
of  a  variety  of  commercially  available  programs 
and  easy  integration  into  local  area  networks 
via  Ethernet** 

li>  find  out  how  tiie  DASA  'XK)0  can  increase 
the  anahtical  power  of  \vur  ADAS.  call  us  at 
xii«-  j4~-sos-»  |n  Michigan  call  si*-Adt 'duo 
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APPENDIX  B 


Application  Notes  on  new  techniques  that  the  Upgrade  of  ACAS  can 
perform: 

1.  Calcium  measurements. 

2.  Free  Radicals. 

3.  Reprint  "I_o  situ  (6-4)  photoproduct  determination  by 
laser  cytometry  and  autoradiography". 

4.  Reprint  "Characterization  of  an  in  v itro  human  kidney 
epithelial  system  to  study  gap  junctional  intercellular 
communication" . 


ACAS  570 

INTERACTIVE  LASER  CYTOMETER 


MERIDIAN 

Instalments,  Inc. 


DETECTING  CALCIUM  RESPONSE  IN 
CULTURED  CELLS  USING  THE  VISIBLE 
WAVELENGTH  CALCIUM  PROBE,  FLUO-3 

Margaret  H.  Wade,  Meridian  Instruments,  Inc., 
Okcmos,  MI. 

The  measurement  and  quantitation  of 
intracellular  calcium  responses  within  cells  is  of 
great  importance  to  cell  biologists  (see  Application 
Note  E-l).  Small  changes  in  free  intracellular 
calcium  can  effect  gap  junction  function,  cell 
division,  muscle  contraction,  neutrophil 
stimulation  and  other  cell  functions.  Recently 
several  fluorescent  probes  to  measure  calcium  have 
been  developed  by  Roger  Tsien.  Indo-1  and  Fura- 
2  were  developed  as  dual  emission  or  dual 
excitation  calcium  sensitive  probes,  and  more 
recently  the  single  excitation  and  emission  probes, 
Fluo-3  and  Rhod-1  have  been  made  available  (1,2). 

Fluo-3  is  a  new  fluorescent  probe  which  can  be 
excited  by  the  488  nm  line  of  the  argon  laser,  and 
emits  in  the  visible  spectrum  similar  to  fluorescein 
(520  nm).  The  advantage  of  this  probe  is  that  UV 
excitation  is  not  required;  however  a  major 
disadvantage  is  that  it  is  difficult  to  quantitate 
the  absolute  calcium  levels  in  cells  because  it  is 
not  possible  to  use  a  ratio  technique.  A  calcium 
response,  however,  is  relatively  easy  to  detect  in 
cells,  and  further  quantitation  could  be  done  with 
the  calcium  ratio  probe,  Indo-I.  Fluo-3  also  offers 
the  possibility  of  dual  labeling  experiments  where 
one  may  wish  to  monitor  another  property  of  the 
cell  simultaneously  with  calcium  levels,  such  as  pH 
or  membrane  potentials. 

A  solution  of  the  Fluo-3  free  acid  in  high 

potassium  buffer  containing  I  mM  EGTA,  pH  7.45 
was  examined  using  the  ACAS  570  Interactive 
Laser  Cytometer.  The  sample  was  excited  with 
488  nm  light  from  the  argon  ion  laser,  and  the 
emission  above  515  nm  was  detected  with  the 
photomultiplier  tube  and  digitized.  The  absolute 
fluorescent  units  are  plotted  in  Figure  1  as  a 

function  of  free  calcium  (Orion  standard) 
calculated  from  total  calcium  using  the  Kd  of 
EGTA  (105  nM)  in  this  buffer.  There  is  clearly  a 
relationship  between  added  calcium  and  increased 
fluorescence.  However,  as  the  fluorescent  value  in 
cells  may  depend  upon  dye  leakage, 

photobleaching,  degree  of  labelling,  etc.,  this  type 
of  calibration  curve  cannot  be  used  for 

quantitation. 


Application  Note  Number  E-2 
Calcium  Analysis 


Figure  1.  Standard  curve  showing  FIuo-S  free  acid  fluoreacance  u  a 
function  of  caicium  concentration. 

Human  teratocarcinoma  cells  (HT)  or  normal 
diploid  fibroblasts  were  grown  in  35  mm  tissue 
culture  dishes  and  labelled  with  the  cell  permeable 
form  of  the  dye,  Fluo-3  AM,  in  PBS  containing 
magnesium  and  calcium.  Although  the 
manufacturer  suggests  the  addition  of  the 
solubilizing  agent,  pluronic  acid  (3),  to  the 
incubation  media,  we  found  this  addition 
unnecessary  for  these  cells  (see  Table  1).  After 
rinsing,  the  dish  was  placed  on  the  X-Y  scanning 
stage  and  either  a  fluorescent  image  of  a  field  of 
cells  or  a  line  scan  across  one  cell  was  generated  as 
a  function  of  time.  In  some  experiments, 
ionomycin  was  added  and  the  calcium  response 
was  measured. 

The  concentration  of  Fluo-3  necessary  to  label 
cells  was  examined  (Table  1).  Cells  incubated  with 
I  uM  Fluo-3  were  very  poorly  labeled  and  not 
included  in  the  figure;  those  incubated  with  3  or  5 
uM  for  I  or  2  hours  showed  good  labelling 
without  .05%  pluronic  acid,  and  less  labelling  with 
pluronic  acid.  We  chose  5  uM  Fluo-3  for  1  hour 
with  no  pluronic  acid  to  perform  the  remaining 
experiments. 

Average  Fluorescence  of  Fluo-3 


3  uM  5uM 

1  hr  285  1190 

1  hr  +Pluronic  212  598 

2  hr  254  821 

2  hr  ^Pluronic  127  703 


Table  t.  fluoreecance  per  call  after  varioua  labelling 

condition*. 


The  photobleaching  characteristics  of  cells 
labelled  with  Fluo-3  were  determined  by 
repetitively  scanning  the  same  area  of  the  cells  and 
plotting  the  integrated  value  as  a  function  of  scan 
number.  Less  than  .1%  fluorescence  per  scan  is  lost 
when  using  the  ACAS  (data  not  shown).  This  is  a 
result  of  the  use  of  a  focussed  laser  beam  (-1 
micron  in  diameter)  and  Acousto-Optic  Modulator 
(AOM).  The  AOM  pulses  the  laser  such  that  the 
sample  is  only  illuminated  for  a  brief  period  of 
time  over  a  discrete  area. 


Figur*  2  Two  dim«ndond  im*f**  of  Fluo-3  Incorporation  in  normal 
liploid  fibroblaata  A)  before  ionomycin  B)  immediately  after  ionomycin 
and  C)  4  minutee  after  ionomycin. 

The  response  of  cells  to  the  ionophore, 
ionomycin,  is  shown  in  Figures  2  and  3.  HT  cells 
were  labelled  with  Fluo-3,  and  after  the  second 
image  scan,  3  uM  ionomycin  in  PBS  containing 
calcium  and  magnesium,  was  added  while  the 
scanning  continued.  Figure  2a  is  a  two  dimensional 
pseudo-color  image  of  normal  diploid  fibroblasts 
before  ionomycin  is  added,  Figure  2b  is  the  same 
field  immediately  after  ionomycin,  and  Figure  2c  is 
the  same  field  about  4  minutes  later  when  the  cells 


have  returned  to  baseline  values.  Figure  3  is  the 
time  plot  of  a  similar  experiment  with  HT  cells 
showing  the  time  response  to  ionomycin.  It  is  clear 
that  an  increase  in  fluorescence  was  detected,  with 
a  gradual  return  to  baseline  values.  No  attempt 
was  made  to  correlate  these  fluorescent  values  with 
absolute  calcium  values. 


Figur*  S.  Tim*  plot  of  ionomycin  r**pon**  in  HT  edit. 

The  new  calcium  sensitive  probe,  Fluo-3,  will 
be  very  useful  for  determination  of  qualitative 
calcium  changes  in  cells  as  the  result  of  agonist 
treatment,  such  as  growth  factors,  antibodies,  etc. 
Although  various  methods  have  been  suggested  for 
quantitating  calcium  based  on  a  fluorescent  signal 
(3),  one  will  always  be  concerned  about  the  effect 
of  dye  leakage,  photobleaching  of  the  signal, 
unequal  labelling  among  cells,  etc.  Fluo-3  is 
particularly  useful  as  a  first  approximation  of  a 
calcium  response  because  it  uses  visible, 
fluorescein-like,  excitation  and  emission,  and  is 
suitable  for  simultaneous  measurements  of  calcium 
and  another  fluorescent  probe,  i.e.  pH. 
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Detection  and  Quantitation  of  Peroxides  and 
Hydroperoxides  in  Attached  Cells  Using  the  Dye 
2,7-Dichlorofluorescin 

David  W.  Bombick,  R.  J.  Reynolds  Tobacco 
Company,  Winston-Salem,  NC  27102 

INTRODUCTION 

Several  active  oxygen  species  are  important 
in  affecting  biological  systems.  Peroxides  and 
hydroperoxides  (e.g.  hydrogen  peroxide)  may 
form  free  radicals  (such  as  the  hydroxyl  radical) 
which  can  react  with  many  bio-organic 
compounds  incuding  proteins,  nucleic  acids  and 
lipids.  Since  some  of  these  reactions  are 
harmful,  measurement  of  active  oxygen  species 
can  be  important  in  toxicological  research  in 
areas  including  genetic  toxicology,  in  vitro 
toxicology,  immunotoxicology,  reproductive 
toxicology  and  neurotoxicology. 

Methods  to  quantitate  hydroperoxides  and 
peroxides  in  living  cells  are  limited  at  the 
present  time.  Most  techniques  require  cell-free 
systems  and  involve  chromophores  generated  by 
reactions  of  thiobarbituric  acid  with 
malondialdchyde  (1,2)  or  I*  with  the  peroxide 
(3).  An  assay  to  detect  hydroperoxides  based  on 
the  conversion  of  2,7-dichlorofluorescin  to  the 
fluorescent  2,7-dichlorof  luoresccin  by 

hydroperoxides  has  recently  been  developed 
(4,5,6).  This  reaction  was  sensitive  to  picomole 
levels  and  linear  with  respect  to  varying 
concentrations  of  a  number  of  hydroperoxides 
and  peroxides.  The  chemical  2,7- 

dichlorofluorescin  diacetate,  which  freely 
crosses  cellular  membranes  was  used  to  facilitate 
loading  into  cells.  Cellular  esterases  cleave  the 
acetate  groups  and  the  ionic  2,7- 
dichlorofluorescin,  which  cannot  cross  cellular 
membranes,  is  trapped  in  cells.  Once  the  2,7- 
dichlorofluorcscin  is  trapped  within  a  cell  it  is 
available  for  oxidation  to  2,7- 

dichlorofluoresccin  by  the  peroxides  or 
hydroperoxides  present.  This  method  has  been 
adapted  for  use  with  the  Meridian  Instruments 
ACAS  470  Interactive  Laser  Cytometer™  to 
allow  quantitation  of  peroxides  and 
hydroperoxides  on  a  single  cell  basis. 

METHODS 

The  dye  2,7-dichlorofluorescin  diacetate 


(Molecular  Probes,  Eugene,  OR)  was  dissolved  in 
ethanol  at  a  concentration  of  1  mM.  The  dye 
was  loaded  into  cells  (5  ul/ml)  in  culture  media 
for  30  minutes  at  37°  C.  Chemical  treatment  of 
the  cells  may  precede,  follow,  or  occur 
simultaneously  with  the  loading  of  the  dye  as 
long  as  this  is  kept  constant  in  the  experimental 
design  and  the  treatment  does  not  inhibit 
esterase  activity.  After  30  minutes  of  dye 
exposure,  the  plate  of  cells  is  rinsed  with  PBS 
containing  5  mM  glucose  (PBSg)  approximately 
five  times.  The  cells  are  maintained  in  a  small 
amount  of  the  PBSg  (l-2mls)  and  examined  with 
the  ACAS  470  Interactive  Laser  Cytometer.  The 
instrument  is  equipped  with  an  argon  ion  laser 
tuned  to  488  nm,  and  emission  above  515  nm  is 
quantitated  from  two  dimensional  image  scans 
generated  by  a  1  micron  laser  beam  and  an  X-Y 
scanning  stage.  An  average  fluorescence  value 
from  a  confluent  cell  area  or  the  fluorescence 
from  single  cells  can  be  obtained.  A  standard 
curve  (Figure  1)  can  be  generated  by  adding 
varying  concentrations  of  hydrogen  peroxide 
(e.g.,  10  ng/ml  to  1  mg/ml)  in  PBSg  with  or 
without  a  confluent  cell  monolayer,  depending 
upon  the  experimental  design.  This  standard 
curve  can  be  used  to  express  fluorescence  values 
as  a  function  of  hydrogen  peroxide  quantity. 


Figura  t.  Standard  curve  ihowing  hydrogen  peroxide 
concentration  (log  ug/ml)  ae  a  (unction  of  nuoreecenee  intensity. 

RESULTS  AND  DISCUSSION 

Quantitative  analyses  of  peroxides  and 
hydroperoxides  in  several  cell  types  have  been 
done  using  2,7-dichlorofluorescin  diacctatc  and 
the  ACAS  470.  Figure  2  illustrates  the 
respiratory  burst  of  neutrophils  after  addition 
of  10  nm/ml  of  PMA  (phorboM2-myristatc-13- 
acetate).  The  cells  were  plated  in  multiple 


dishes  at  equal  densities  and  the  average 
fluorescence  values  for  neutrophils  was 
calculated.  At  0,  1,  5  and  10  minutes  after  PMA 
treatment  those  values  were  305,  430,  931  and 
1551,  respectively.  These  values  can  be  related 
to  hydrogen  peroxide  concentrations  with  a 
standard  curve.  The  rapid  increase  in  peroxide 
formation  parallels  results  obtained  with  flow 
cytometry  (5).  The  grey  areas  within  some  of 
the  images  indicate  the  presence  of  cells  which 
have  not  responded  and  are  therefore  not 
fluorescent.  The  images  from  the  ACAS  470 
demonstrate  that  the  response  is  heterogeneous 
among  the  neutrophil  population  and  that  not 
all  cells  are  activated  to  the  same  degree.  This 
also  demonstrates  the  importance  of  analyzing 
single  cells,  rather  than  .u  whole  population. 
Figure  3  illustrates  the  fluorescent  images 
generated  when  WB  rat  liver  oval  cells  arc 
exposed  to  a  12.45  raM  concentration  of 
hydrogen  peroxide  for  5  minutes.  The 
conversion  of  2,7-dichlorofluorescin  to  the 
fluorescent  2,7  -dichlorofluoresein  in  these  cells 
is  rapidly  increased  when  hydrogen  peroxide  is 
exogenously  added.  Again,  the  response  in  the 
WB  cells  is  heterogeneous  which  may  indicate 
different  subpopulations  with  varying  protective 
mechanisms  against  hydrogen  peroxide. 

This  method  appears  useful  in  determining 
whether  particular  toxicants  generate  peroxide 
or  hydroperoxide  species.  Formation  of  these 
reactive  oxygen  species  may  be  correlated  to 
cytotoxicity  parameters  or  other  toxic 
manifestations.  A  further  use  of  this  method 
may  include  the  examination  of  lipid 
peroxidation  and  subsequent  membrane  damage. 
Finally,  an  in  vitro  assay  could  be  developed  to 
test  a  chemical’s  anti-oxidant  capability. 

In  summary  this  report  discusses  a  method 
to  quantitate  the  formation  of  reactive  oxygen 
species  in  vitro.  The  advantages  include  the 
capability  of  carrying  out  the  analyses  in 
attached  monolayers  of  cel.  rather  than  cell 
suspensions.  In  addition,  c  .ction  of  these 
peroxides  and  hydroperoxide^  can  be  done 
quickly  and  on  a  single  cell  basis. 
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Figure  3.  Two  dimensional  paaudo-color  images  depicting 
fluorescence  ia  calls  treated  with  10  ng/ml  TPA  for  0,  1,  S  and  10 
minutes  (panels  A,  B,  C  and  D  respectively). 


Figure  S.  Fluorescent  images  of  rat  liver  WB  calls  exposed  tc  no 
(left  panel)  or  IJ.4S  mM  hydrogen  peroxide  (right  panel). 
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Summary 

The  UV-induced  (6-4)  photoproducts  and  repair  in  individual 
human  cells  were  quantitatively  determined  by  using  argon-laser 
imaging  microspectrof luor ometry  or  autoradiography  with  a  well- 
characterized  monoclonal  antibody  against  (6-4)  photoproducts. 
(6-4)  Photoproduct  induction  curves  were  linear  as  a  function  of 
UV  dose,  using  both  methods.  The  formation  of  (6-4)  photoproducts 
was  detected  in  the  cells  irradiated  with  as  low  as  10  and  25  J/m2 
of  UV  by  autoradiography  and  laser  cytometry,  respectively.  Normal 
cells  repaired  more  than  80%  of  the  initial  damage  within  4  hr 
post-irradiation.  In  contrast,  almost  no  repair  was  observed  in 
xeroderma  pigmentosum  cells  (complementation  group  A)  within  8  hr. 

Introduction 

Available  evidence  has  not  ruled  out  (6-4)  photoproduct  ls  a 
premutagenic  lesion  (Franklin  and  Haseltine,  1986)  .  On  the 
contrary,  there  is  evidence  that  both  cyclobutane  pyrimidine  dimers 
and  (6-4)  photoproducts  are  responsible  for  UV-induced  mutations 
in  E.  coli  and  in  human  cells  (Brash,  1988) .  Additional  evidence 
indicating  a  major  biological  role  for  (6-4)  photoproducts  came 
from  studies  of  a  chemical  mutagen-induced  revertant  of  xeroderma 
pigmentosum  cells  (x.p.,  complementation  group  A)  which  is  normal 
in  repair  of  (6-4)  photoproducts  but  remains  defective  in  repair 
of  pyrimidine  dimers.  The  revertant  was  found  to  be  normal  in 
repair  replication  and  UV-induced  sister  chromatid  exchanges  and 
mutations  (Cleaver  et  al  1987,  1988). 
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Although  there  is  increased  interest  in  (6-4)  photoproducts, 
a  sensitive  method  for  detecting  (6-4)  photoproducts  in  DNA  induced 
by  UV  at  physiological  dose  is  not  readily  available  except  the 
immunological  method  (Mitchell  and  Clarkson,  1984;  Eggset  et  al., 
1987;  Mori  et  al.,  1988).  Besides  the  advantage  of  sensitivity, 
the  immunological  method  also  allows  researchers  to  study  the 
distribution  of  (6-4)  photoproducts  in  individual  cells  within  a 
tissue  or  in  a  population  of  cultured  cells  in  vitro.  For  this 
purpose  the  antibody  used  should  be  very  specific  for  (6-4) 
photoproducts.  The  monoclonal  antibody  specific  for  (6-4) 
photoproducts  appears  to  be  the  best  choice  for  this  kind  of  study. 

In  this  report,  we  developed  a  sensitive  method  to  measure 
the  (6-4)  photoproducts  and  their  repair  in  individual  human  cell's 
in  culture  by  using  an  argon-laser  imaging  microspectrof lucrometry 
(Meridian  ACAS  470)  or  autoradiography  with  a  monoclonal  antibody 
against  (6-4)  photoproducts. 

Materials  and  Methods 

media 

Nc  *r:al  human  skin  fibroblasts  (AH)  and  xeroderma  pigmentosum 
(XP)  cells,  XP1EH  (complementation  group  A),  were  cultured  in 
Dulbecco's  modified  Eagle's  medium  (DMEM,  Nissui  Seiyaku,  Tokyo), 
supplemented  vi*  -  10%  fetal  bovine  serum  (FBS,  M.A.  Bioproducts, 
Walkersville,  MO).  Another  XP  cell  strain,  XP12BE  (CRL1223, 
complerei. .at ion  group  A),  was  obtained  from  the  American  Type 
Culture  collection  (Rockville,  MD) .  XP12BE  cells  were  grown  in  a 
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modified  Eagle's  medium  (Eagle,  1959}  (Earle's  balanced  salt 
solution  with  a  50%  increase  in  all  vitamins  and  essential  amino 
acids  except  glutamine)  and  supplemented  with  nonesser.tial  amino 
acids  (100%  increase),  1  mM  sodium  pyruvate,  and  10%  FBS  (Hazleton 
Research  Products,  Denver  PA).  Cells  were  grown  in  humidified  air 
with  5%  C02  at  37°C. 

Preparation  of  a  monoclonal  antibody  specific  for  (6-4^ 
photooroduct 

The  details  of  the  establishment  of  a  monoclonal  antibody 
(64M-1)  specific  for  (6-4)  photoproducts  have  been  published 
previously  (Mori  et  al.  ,  1988).  Briefly,  UV-irradiated  single- 
stranded  DMA  (20kJ/m2,  (JVssDNA)  conjugated  with  methylated  bovine 
serum  albumin  (mBSA)  was  injected  3  times  into  BALB/c  mice.  Three 
days  after  a  booster  injection  of  UV-poly (dT) -mBSA,  spleen  cells 
were  fused  with  mouse  myeloma  cells  (P3-NSI/ 1-Ag4-1) .  Hybridomas 
secreting  antibody  recognizing  UV-irradiated  DNA  were  screened  and 
the  cells  in  the  promising  cells  were  cloned  3  times  by  limiting 
dilution.  Subsequently,  64M-1,  a  monoclonal  antibody  recognizing 
TT ( 6-4 )  photcproducts  and  TC(6-4)  photoproducts  was  established 
(Matsunaga  &&  a  1 . ,  In  press) . 

situ (6-4)  Photoproduct  determination  bv  laser  cytometry. 

XP12BE  cells  (2  x  10*)  were  directly  plated  in  35  mm  plastic 
dishea  and  cultured  overnight.  After  washing  with  phosphate 
buffered  saline  (PBS),  cells  were  irradiated  with  UV  and  then  fixed 
with  cold  sethanol  :  acetic  acid  (3:1)  Tor  20  min  on  ice,  washed 
by  ethanol  and  dried.  Cells  were  then  treated  with  0.07  M  NaOH/70% 
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ethanol  for  2  min  to  denature  DNA,  followed  by  washing  with  PBS  (5 
times)  .  Cells  were  incubated  with  1%  BSA  in  PBS  for  30  min  at  room 
temperature  to  prevent  non-specific  antibody  binding.  After 
washing  5  times  with  PBS,  cells  were  then  incubated  with  the 
monoclonal  antibody  (64M-1)  for  30  min  at  room  temperature  and 
washed  again  with  PBS.  Cells  were  then  incubated  with  sheep  anti¬ 
mouse  IgG  conjugated  with  biotin,  F(ab')2  fragment  (Sigma,  St. 
Louis,  MO,  final  concentration:  25  iig/m  1)  for  30  min  at  room 
temperature  and  washed  five  times  with  PBS.  The  last  step  involves 
the  incubation  of  cells  with  streptavidin  conjugated  with  FITC 
(Sigma,  St.  Louis,  MO,  final  concentration:  10  ^g/ml)  for  15  min 
at  room  temperature,  and  washing  five  times  with  PBS  and  twice  with 
distilled  water.  All  antibodies  and  fluorescent  chemicals  were 
diluted  with  PBS  containing  0.1%  BSA  and  0.1%  NaNv  After  drying, 
the  cells  were  covered  by  a  drop  of  PBS/glycerol  (containing  5% 
wt/vol  Q-propylgallate) ,  and  a  clean  coverglass  with  the  edges 
sealed  with  nail  polish.  Samples  were  observed  using  the  Meridian 
ACAS  470  workstation  (Wade  1986,  Mori  &1.  ,  1989, 
Meridian  Instruments,  Okemos,  MI).  For  each  treatment,  the  average 
fluorescent  intensity  of  about  200  cells  in  10  randomly  selected 
ares  is  presented. 

Preparation  of  ^-monoclonal  antibody 

We  followed  the  method  described  by  Galfre  and  Milstein  (1981) . 
Briefly,  1.2  x  107  hybridoaa  cells  secreting  64M-1  were  washed 
twice  with  lysine-free  DMEM  (Nissui  Ceiyaku,  Tokyo)  and  incubated 
for  20  hr  at  37#C  in  the  incorporation  medium:  lysine-free  DMEM, 
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3.0  ml;  L-[4,5-JH]  lysine  monohydrochloride  (37  MBq/ml,  2.7 
TBq/mmole,  Amersham,  England),  2.16  ml;  10  times  Hank's  balanced 
salt  solution,  0.24  ml;  dialyzed  FBS,  0.6  ml.  Supernatant  was 
collected  and  applied  on  a  column  containing  protein  A-Sepharose 
CL-4B  (Pharmacia,  Sweden).  IgG2b  fractions  were  collected  and 
dialyzed  overnight  against  PBS. 

In  situ  (6-4)  photoproduct  determination  bv  autoradiography 

The  method  has  been  described  previously  (Mori  et  aJL.  ,  1988). 
Briefly,  normal  skin  fibroblasts  or  XP1EH  cells  (2  x  10s)  were 
incubated  for  24  hr  in  a  Lab-Tek  chamber  (No.  4802,  Naperville,  IL) 
and  washed  twice  with  PBS.  Cells  were  irradiated  with  various 
doses  of  UV  at  room  temperature  at  a  dose  rate  of  1.13  J/m2/s. 
Immediately  after  irradiation  or  after  post-irradiation  incubation, 
cells  were  fixed  with  ice-cold  eth  •'.nol :  acetic  acid  (3:1)  for  20  min 
at  4°C.  Slides  with  cells  were  passed  through  0.07M  NaOH  in  70% 
ethanol  for  2  min,  rinsed  with  70%  ethanol  and  dried.  Cells  were 
incubated  with  PBS  containing  10%  calf  serum  (CS)  at  37°c  for  30 
min  and  subsequently  with  the  sH-monoclonal  antibody  (13.9  jug/ml , 
3.8  x  lo'  dpm/Mg  protein)  for  30  min.  Cells  were  then  serially 
washed  with  PBS  containing  10%  CS,  PBS  and  water.  Dried  slides 
were  processed  for  autoradiography  using  NR-M2  emulsion 
(Konishiroku  Photo  Inc.,  Tokyo).  The  slides  were  kept  in  a  freezer 
at  -20°C  for  exposure  for  30  days,  developed,  fixed  and  stained 
with  Gieasa  solution. 
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Results 


In  situ  (6-41  photooroduct  determination  by  laser  cytometry 

Fig.  1  shows  the  typical  fluorescent  images  of  XP  cells 
irradiated  with  various  doses  of  UV  obtained  from  the  ACAS  470 
workstation.  In  the  irradiated  cells,  there  was  a  weak 
fluorescence  on  the  whole  cells.  In  the  cells  irradiated  with  UV, 
there  was  a  strong  fluorescence  over  the  nuclei,  in  addition  to  a 
weak  fluorescence  over  the  whole  cells.  The  fluorescent 
intensities  on  the  nuclei  clearly  increased  with  increasing  UV 
doses . 

The  software  associated  with  the  Meridian  ACAS  470  workstation 
allows  one  to  eliminate  the  background  level  fluorescence  and 
quantitates  the  fluorescent  intensity  per  nucleus  from  the  original 
fluorescent  image  shown  in  Fig.  1.  Using  this  method,  we  measured 
the  fluorescent  intensity  per  cell  as  a  function  of  UV  dose  in  XP 
cells  (Fig.  2).  There  was  a  little  background  level  fluorescence 
in  unirradiated  cells  and  the  fluorescent  intensity  per  cell 
increased  linearly  with  increasing  UV  doses.  We  could  detect  the 
formation  of  (6-4)  photoproducts  in  individual  cells  irradiated 
with  a  UV  dose  as  low  as  25  J/m2.  The  method,  however  is  not 
sensitive  enough  to  detect  (6-4)  photoproducts  in  individual  cells 
induced  at  lower  but  biologically  significant  dose  level.  To 
increase  the  sensitivity,  we  tried  the  autoradiography  with  the  JH- 
labelled  monoclonal  antibody  as  described  in  the  following. 

Ih- altu.-I6r4-l.-ghQtQPrgduct  determination  bv  autoradiography 

Fig.  3  shows  the  autoradiographs  of  UV-irradiated  and 
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unirradiated  normal  human  cells  treated  with  3H-mcnoclonal 
antibody.  In  the  unirradiated  cells,  some  background  level  grains 
were  observed  on  the  whole  cells.  In  the  cells  irradiated  with  50 
J/m2,  many  grains  appeared  only  on  the  nuclei. 

To  quantitate  the  formation  of  (6-4)  photoproducts  in 
individual  cells  irradiated  with  various  UV  doses,  we  counted  the 
grain  number  per  nucleus  under  a  microscope.  Fig.  4  shows  the 
induction  of  (6-4)  photoproducts  in  the  DNA  of  UV-irradiated  normal 
and  XP  cells.  The  number  of  grains  per  nucleus  increased  linearly 
with  increasing  LTV  doses.  As  expected,  there  was  no  difference  in 
the  induction  of  DNA  damage  between  the  two  types  of  cells.  Even 
at  as  low  as  10  J/m2  of  UV  dose,  there  was  a  significant  increase 
of  average  grain  number  per  nucleus  compared  with  control  cells/ 

Fig.  5  and  6  show  the  time  course  of  repair  in  normal  and  XP 
ceils  after  irradiation  with  20  and  40  J/m2  of  UV.  Normal  cells 
repaired  more  than  80%  of  the  initial  (6-4)  photoproducts  within 
4  hr.  On  the  other  hand,  XP  cells  were  incapable  of  repairing  (6- 
4)  photoproduct  .  within  8  hr. 


Discussion 

The  results  of  this  study  indicate  that  the  two  methods,  laser 
cytometry  or  autoradiography  combined  with  a  monoclonal  antibody 
against  (6-4)  photoproducts,  are  suitable  for  measuring  (6-4) 
photoproducts  Induced  by  physiological  UV  doses  in  individual  human 
cells.  The  linear  (6-4)  photoproducts  induction  curves  as  a 
function  of  UV  dose  were  obtained  using  both  methods.  The 
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formation  of  (6-4)  photoproducts  in  the  cells  irradiated  with  as 
low  as  10  and  2  5  J/m2  of  UV  were  detected  by  autoradiography  and 
laser  cytometry,  respectively.  One  third  of  thymine  dimer 
induction  (Mitchell,  1988),  3.2  x  10'19  mole  (1.9  x  105/cell)  and 
7.9  x  10’19  mole  (4.8  x  105/cell)  of  (6-4)  photoproducts  could  be 
detected  by  autoradiography  and  laser  cytometry  respectively, 
assuming  1C  pg  DNA/cell,  and  0.00251  of  total  thymines  (unpublished 
data)  and  (6-4)  photoproduct  induction. 

Although  XP  cells  could  repair  almost  no  (6-4)  photoproducts 
within  8  hr,  normal  cells  repaired  more  than  80%  of  the  initial 
damage  within  4  hr.  These  results  were  quite  different  from  the 
repair  patterns  of  pyrimidine  dimers  detected  by  laser  cytometry 
(Mori  et  al .  .  1989),  in  that  normal  cells  repaired  50%  of  the 
initial  pyrimidine  dimers  within  8  hr  and  60%  at  24  hr  after  UV 
irradiation.  The  fast  repair  pattern  of  (6-4)  photoproducts  in 
normal  cells  resembles  the  results  obtained  by  Mitchell  g£  al . 
(1985).  In  their  study,  the  removal  of  75%  of  (6-4)  photoproducts 
was  observed  within  4  hr  in  human  cells.  These  results,  in 
combination  with  the  results  obtained  by  Cleaver  e£  al.  (1987, 
1988)  ,  suggest  that  there  might  be  different  short  repair  processes 
for  (6-4)  photoproducts  and  pyrimidine  dimers,  in  addition  to  the 
long  common  process. 

We  believe  this  is  the  first  report  of  in  situ  (6-4) 
photoproduct  determination  with  a  well-characterized  monoclonal 
antibody.  The  monoclonal  antibody  we  used  is  very  specific  for 
(6-4)  photoproducts  formed  in  TT  or  TC  sequence  (Matsunaga  al . . 
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In  press) .  Polyclonal  antibodies  against  UV-irradiated  DNA  do  not 
seem  to  be  suitable  for  in  situ  determination  of  a  specific  damage, 
because  they  might  contain  mixed  populations  01  antibodies 
recognizing  various  kinds  of  damages;  i.e.  (6-4)  photoproducts, 
pyrimidine  dimers  and  thymine  glycol  (Mitchell  and  Clarkson;  1984, 
Eggset  et  al- ;  1987) . 

Recently,  we  have  established  four  new  monoclonal  antibodies 
specific  for  (6-4)  photoproducts  (unpublished  data).  Preliminary 
data  show  that  three  of  them  seem  to  be  more  sensitive  for 
detection  of  (6-4)  photoproducts  than  the  64M-1  antibody.  Ke 
should  be  able  to  increase  sensitivity  for  in  situ  (6-4) 
photoproducts  determination  using  these  new  antibodies. 
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Figure  Legends 


Fig.  1. 


Fig.  2. 


Fig.  3. 


Fig.  4. 


Fig.  5. 


Fig.  6. 


The  typical  fluorescent  images  of  XP12BE  cells 
irradiated  with  various  doses  of  UV  obtained  from  the 
ACAS  470  workstation.  The  values  shown  in  the  pictures 
are  UV  doses  (J/m2)  . 

The  induction  of  (6-4)  photoproducts  as  measured  by 
the  in  situ  immunof luorescent  laser  cytometry  in  XP12BE 
cells  irradiated  with  various  UV  doses. 

The  autoradiographs  of  UV-irradiated  and  unirradiated 
normal  human  cells  treated  with  3H-monoclonal  antibody. 
The  values  shown  in  the  pictures  are  UV  doses  (J/m2)  . 
The  induction  of  (6-4)  photoproducts  as  measured  by 
autoradiography  in  normal  and  XP1EH  cells  irradiated 
with  various  UV  doses.  100  cells  were  counted  at  each 
point. 

The  repair  of  (6-4)  photoproducts  in  normal  and  XP1EH 
cells  irradiated  with  20  J/m2  as  measured  by 
autoradiography.  100  cells  were  counted  at  each  point. 
The  repair  of  (6-4)  photoproducts  in  normal  and  XP1EH 
cells  Irradiated  with  40  J/m2  as  measured  by 
autoradiography.  100  cells  were  counted  at  each  point. 
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ABSTRACT 


In  the  presenc  study  we  have  investigated  if  a  human  cell  culture  model 
can  be  used  to  study  the  interaction  of  xenobiotic  chemicals  to  inhibit  gap 
junctional  intercellular  communication  (CJIC).  The  C401.2/6TG.1  epithelial  cell 
line  derived  fro.  'he  kidney  of  a  Uilms’  tumor  patient  exhibited  extensive  GJIC 
as  measured  usint  FRAP  analysis  and  scrape  -  loading  dye  transfer  techniques. 
Several  known  hepa  c  tumor  promoting  chemicals,  skin  tumor  promoter,  TPA  and 
polyhalogenated  bip.  nyls  were  tested  for  their  effect  on  IC.  TPA  completely 
abolished  GJIC  of  the.,e  cells  at  concentrations  as  low  as  0.3  ng/ral  and  continued 
to  down  modulate  cell -cell  communication  for  up  to  3  days  following  a  single 
traatment.  Among  che  other  chemicals  studied,  dieldrin,  heptachlor  and 
heptachlorepoxide  were  most  effective  as  inhibitors  CJIC;  DDT,  lindane  mirex  and 
Fire  Master  BP-6  were  ineffective.  Two  fatty  acids,  linoleic  acid  and 
decasohtxaenolc  acid,  were  also  effective  in  down  regulating  cell-cell 
communication.  The  data  also  showed  that  while  TMB-8  antagonized  TPA's  action 
on  CJIC,  dieldrin  synergistically  interacted  to  abolish  CJIC.  The  results  of 
tne  study  indicate  chat  he  response  of  these  cells  may  be  different  from  other 
animal  derived  cell  culture  models  and  suggest  the  need  for  using  human  cell 
culture  models  to  study  toxic  interactions  of  xenobiotic  chemicals. 


INTRODUCTION 

In  all  metazoans,  coordination  of  cell  growth,  differentiation  and 


Kay  Words:  Cap  Junctional  intercellular  communication,  cell-cell  communication, 
heptachlor,  heptachlor  epoxide,  TPA,  dieldrin,  lindane,  mirex,  PBB's, 
PCB's,  fatty  acids,  human  kidney  epithelial  cells,  free  radicals, 
FRAP  analysis,  scrape • loadlng/dye  transfer  assay, 
development,  as  well  as  activities  of  cells  within  tissues,  are  mediated  by  two 
major  forms  of  intercellular  communication  of  ionic  and  molecular  messages 


(Loewenstein,  1981;  Potter,  1983;  Snyder,  1985;  Pitts  and  Finbow,  1986; 
Green, 1988;  Hertzberg  and  Johnson,  1988).  One  form  of  intercellular 
communication  depends  on  the  protein  structure,  the  gap  junction,  found  on  the 
plasma  membrane  between  continguous  cells  which  functions  as  a  channel  for  ions 
and  molecules  of  approximately  1000  daltons  (Loewenstein,  1979;  Evans,  1988). 
Cap  junctions  have  been  shown  to  be  modulated  by  both  endogenous  (i.e.  ,  hormones, 
neurotransmitters,  growth  factors)  and  exogenous  (i.e.  ,  biological  toxins,  drugs, 
pollutants,  nutrients,  food  additives ,  pesticides,  etc.)  agents  (Loewenstein  and 
Risinger,  1985;  Trosko  ec  al,  1988;  Elmore  et  al,  1987;  Neyton  and  Trautman, 
1986).  Many  cancer  cells  have  reduced  or  selective  gap  junctional  intercellular 
communication  (Kanno,  1985;  Yamasaki  and  Fitzgerald,  1988).  In  addition,  many 
chemicals  having  been  shown  to  be  teratogens  (Trosko  et  al,  1982;  Welsch  and 
Stedman,  1984),  tumor  promoters  (Yotti  et  al,  1979;  Murray  and  Fitzgerald,  1979), 
and  neurotoxicants  (Trosko  ec  al,  1987)  have  been  linked  to  their  ability  to 
inhibit  gap  Junction  function. 

To  date  many  techniques,  such  as  electrocoupling  (Enomoto  et  al,  1981), 
microinj ection/dye  transfer  (Enomoto  and  Yamasaki,  1984),  metabolic  cooperation 
(Yotci  ec  al,  1979;  Williams  et  al,  1981;  Kavanagh  et  al ,  1986;  Ruch  et  al,  1987; 
Jone  et  al,  1987;  Cupta  et  al ,  1985;  Hooper,  1981;  Davidson  et  al,  1985;  Mosser 
and  Bols,  1982),  fluorescence  recovery  after  photobleaching  (Wade  et  al,  1986), 
and  scrape - loading/dye  transfer  (El-Fouly  et  al,  1986),  nave  been  utilized  to 
measure  gap  junction  function.  In  addition,  many  different  cell  types,  strains, 
and  lines  have  been  studied.  An  emerging  picture  indicates  that  not  all  gap 
junctions  in  different  cell  types  respond  to  the  same  chemicals  in  the  same 
manner,  possibly  due  to  species,  or  tissue  type  receptor  differences,  as  well 
as  differences  in  gap  junction  proteins  (Saez  et  al,  1989).  While  teratogens, 
tumor  promoters  and  neurocoxicants  show  species,  tissue  and  developmental  stage 
differences,  it  would  be  surprising  that  a  single  cell  type  Xxi  vitro  system  could 
be  predictive  of  all  Jjj  vivo  conditions  (Trosko  et  al,  1988). 

Clearly,  if  in  vitro  assays  are  to  be  used  for  risk  assessment  purposes, 
as  well  as  for  studies  of  mechanisms  of  action  by  which  various  toxicants  work, 
a  series  of  human  epithelial  and  mesenchymal  assays  from  various  organs  will 
eventually  be  required  to  minimize  the  errors  of  extrapolating  data  from  animal 
cells  to  human  beings.  Consequently,  this  study  was  designed  to  develop  a  human 
kidney  epithelial  cell  system  to  detect  chemicals  which  could  modulate  gap 
junction  function.  The  results  indicate  that  this  cell  line  will  be  an  excellent 
system  for  further  study. 


MATERIALS  AND  METHODS 


C-&lL-.£ul£UJfl 

The  human  kidney  epithelial  cell  line  C401.2/6TG.1  used  in  these  experiments 
was  originally  derived  from  a  Wilms'  tumor  patient  and  established  as  described 
previously  (Welssman  u  gl.,  1987).  Cells  were  maintained  in  D-medlum,  a 
modified  Eagle’s  medium  containing  Earle's  balanced  salt  solution  with  a  50% 
Increase  of  vitamins  and  essential  amino  acids  except  glutamine,  a  100%  Increase 
of  non-essential  amino  acids  and  1  mM  sodium  pyruvate,  5.5  mM  glucose,  14.3  mM 
NaCl  and  11.9  mM  NaHCOj  (pH  7.3).  The  medium  was  supplemented  with  5%  fetal 
bovine  serum  (Clbco  Laboratories)  and  50  Mg/»1  gentamicin  (Quality  BJoUglcal, 
Inc.).  The  cells  were  grown  at  37°C  and  5%  C02  in  a  humidified  incubator.  Onder 
these  conditions  C401.2\6TC.l  cells  had  a  doubling  time  of  27  hours. 


Chemicals 

TPA  (Sigma  Chemical  Co.)  was  dissolved  in  ethanol.  Dieldrin,  p,p'-DDT, 
lindane,  and  mirex  were  generously  provided  by  Dr.  Richard  E.  Leavitt,  Pesticide 
Research  Center,  Michigan  State  University.  Heptachlor  and  heptachlor  epoxide, 
99+%  pure  were  a  generous  gift  of  Velsicol  Chemical  Corporation,  Chicago,  IL. 
Aroclor-  1254 ,  Firemascer  BP-6,  were  kindly  provided  by  Dr.  Matthew  Zabik, 
Pesticide  Research  Center,  Michigan  State  University.  2 , 4 , 5 . 2 '  ,4 ' , 5 ' -  and 
3 , 4 , 5 , 3 ' , 4 ' , 5 '  hexachlorobiphenyl  (HCB)  and  2,4, 5,2' ,4' , 5 *  hexabrcmobiphenyl 
(HBB)  were  purchased  from  Analabs,  North  Haven,  CN  and  were  99+%  pure.  Stock 
solutions  and  subsequent  dilutions  of  the  test  chemicals  were  made  in  ethanol 
or  dimethyl  sulfoxide  (DMSO)  and  were  aded  directly  to  the  culture  dishes  to 
obtain  the  required  concentrations.  Hydrogen  peroxide  (30%  H2O2) ,  palmitic  acid 
(PAL,  16:0),  linoleic  acid  (LA,  18:2),  linolenic  acid  (LN,  13:3)  and 
docosahexaenoic  acid  (DHA,  22:6)  were  obtained  from  Sigma  Chemical  Co.  (St. 
Louis,  MO).  Stock  solutions  of  fatty  acids  were  dissolved  in  ethanol  and  kept 
frozen  under  an  atmosphere  of  nitrogen  at  -20°C.  To  achieve  the  desired  working 
concentration  of  fatty  acid,  aliquots  of  stock  fatty  acids  were  added  directly 
to  complete  media  supplemented  with  5%  delipidated  serum  (Pelfreeze  Biologicals) 
and  briefly  sonicated  immediately  prior  to  treatment  of  the  cells.  The  final 
concentration  of  solvent  in  the  medium  was  0.1%.  For  the  scrape - loadtng/dye 
transfer  (SL/DT)  experiments  Lucifer  Yellow  CH  (Sigma  Chemical  Co.,  MU  457.2) 
and  tetramethyl  rhodamine  dextran  (Molecular  Probes,  Inc.,  MW  10.000)  were 
dissolved  in  phosphate -buffered  saline  (PBS)  at  a  concentration  of  0.5  mg/ml  (El- 
Fouly  gj.  al.  ,  1987).  For  the  Fluorescence  Redistribution  After  FhotobJeaching 
(FRAP)  assay  1  mg  of  5 , 6-carboxyfluorescein  diacetate  (Molecular  Prob? s ,  Inc.) 
was  dissolved  per  ml  of  ethanol  (Uade  ai.  ,  1986). 


Measurement  of  Cap  Junctional  Intercellular  Communication  (CJIC) 

Fluorescence.  Redistribution  After  Photobleachin?  (FRAP).  For  the  FRAP 
assay ,  originally  described  by  Wade  g t  sX.  ( 1986) ,  C401 . 2/6TG .1  cells  were  plated 
at  low  density  in  35  mm  places.  After  exposure  to  the  test  chemicals  the  cells 
were  rinsed  several  times  with  phosphate  buffered  saline  with  Ca  and  Mg  (Ca ,  Mg- 
PBS)  and  maintained  in  2  ml  of  Ca,Mg-PBS  during  FRAP  analysis.  Fourteen  /il  of 
the  dye,  5, 6-carboxyfluorescein  dlacetate  were  added  to  each  plate.  After  15 
minutes  the  plates  were  rinsed  several  times  with  Ca,Mg-PBS,  2  ml  of  Ca, Mg-PBS 
were  kept  on  the  plates  and  the  cells  were  subjected  to  analysis  using  the 
Meridian  ACAS  470  Workstation  (Meridian  Instruments,  Okemos,  MI).  Selected  cells 
(5  to  8  per  scan)  were  photobleached  and  monitored  for  the  return  of  fluorescence 
at  5  minute  intervals  for  a  total  period  of  15  minutes  (4  scans).  The 
experiments  were  repeated  on  4-5  plates  at  each  concentration  or  treatment.  In 
each  plate  a  single  cell  was  selected  but  not  photobleached  to  determine  the 
background  decline  of  fluorescence.  Oce as lo.ially,  an  isolated  cell  was 
photobleached  as  a  negative  control  for  fluorescence  redistribution.  Results 
of  the  FRA? -experiments  were  usually  expressed  as  the  average  (percent)  recovery 
of  fluorescence  ♦  standard  error  of  the  mean  (SEM).  While  the  short-term 
treatments  were  performed  at  room  temperature,  for  long-term  exposure,  cells  were 
Incubated  at  37°C  and  the  medium  was  changed  every  2  days  followed  by  addition 
of  fresh  test  chemlcal(s). 

Scrape • loadlnx/dve  transfer  (SL/DT).  The  SL/DT  technique  was  performed  as 
described  previously.  After  treatment  with  the  test  chemicals,  confluent 


cultures  in  35  mm  plates  were  rinsed  several  times  with  phosphate  buffered  saline 
without  Ca  or  Mg  (PBS)  and  two  ml  of  the  dye  mixture  (0.5  mg/ml  of  each  Lucifer 
Yellow  and  tetramethyl  rhodamine  dextran  in  rBS)  was  added.  Three  or  four  scrape 
lines  were  made  op  the  monolayer  with  a  surgical  blade.  After  3  minutes,  the 
cells  were  rinsed  several  times  with  PBS  and  examined  for  dye  transfer  under  a 
Nikon  epif luorescence  microscope  and  photographs  were  taken.  Because  of  its 
low  molecular  weighc  Lucifer  Yellow  can  be  transmitted  between  adjacent  cells 
via  gap  junctions,  but  it  does  not  diffuse  chrough  intact  plasma  membranes.  The 
high  molecular  weighc  rhodamine  dextran  (M.W.  10,000  daltons)  however,  can 
neither  diffuse  through  intact  plasma  membranes  nor  cross  the  junctional 
channels,  and  therefore  serves  to  identify  the  primary  loaded  cells.  For  the 
long-term  experiments,  the  medium  was  changed  every  2  days  and  test  chemicals 
were  added.  All  experiments  were  repeated  at  least  once. 


RESULTS 

The  human  kidney  epithelial  cell  line  C401  2/6TG.1  expresses  a  very  high 
level  of  gap  Junctional  intercellular  communication  as  shown  by  both  FRAP  (Fig. 
1)  and  scrape- loading/dye  transfer  (Fig.  2)  techniques.  Fifteen  minutes  after 
phocobleaching  of  selected  cells,  the  average  recovery  of  fluorescence  in 
G401.2/6TC.1  cells  was  53.3%.  In  the  3L/DT  assay  the  dye,  Lucifer  Yellow 
distribution  extended  8  to  10  rows  of  cells  beyond  the  primary  jecipient  cells 
during  the  3  minutes  after  scrape- loading. 

Quantitation  of  the  SL/DT  assay  was  done  following  two  methods:  The 
semiquantitation  method  of  the  effect  of  the  chemicals  on  GJIC  was  done  by 
assigning  an  arbitrary  scale  for  communication  in  control  cells  and  comparing 
the  level  of  communication  after  chemical  treatment  with  that  of  the  controls. 
In  the  other  mothod  a  more  precise  quantitative  analysis  was  done  by  counting 
the  number  of  cells  with  Lucifer  yellow  In  a  5  cm2  area  of  the  scrape-loading 
dye  transfer  picture. 


FI CURE  1.  Meridian  ACAS  laages  of  huaan  kidney  epithelial  CAOI.2/6TC.1  call*, 
f luorescencly  labelled  with  5.6-carboxyfluoresceln.  Digitized  pseudo- Images  (A) 
prior  Co.  (B)  laaedlately  after  and  (C)  15  alnutes  after  photobleachlng  of 
selected  cells  are  displayed.  (D)  shows  a  plot  In  which  the  percent  recovery 
of  fluorescence  is  expressed  In  tlae  for  each  cell  selected.  Four  scans  were 
auide  at  5  alnute  Intervals  after  photobleachlng.  Data  were  corrected  for  the 
background  loss  of  fluorescence  In  one  area  (area  l)  with  two  Isolated  cells. 
FRAP  was  performed  as  described  In  Materials  and  Methods. 


FIGURE  2.  CJIC  In  C401.2/6TC.1  ealls  as  Measured  by  tha  Luclfar  yellow  dye 
transfer  technique.  Scrapa  loading  of  tha  calls  with  luclfar  yellow/Rhodaalne 
daxcran  was  dona  as  dascrlbad.  (A)  Fhasa  contrast  picture  of  tha  calls  showing 
normal  Morphology.  Arrow  Indicates  tha  scrapa  line  for  Introducing  tha  dye 
■Utura.  (&)  Luclfar  yellow  distribution  after  scrapa  loading.  (C)  High  aol. 
wt.  Ithodaalne  daxtran  is  llaitad  to  tha  priaary  loaded  calls  only.  300  X 


Characterization  of..-T?A-tff»gt  fla.GJlfi. 

If  A*  induced  Inhibition  of  Intarcailular  cooMunicatlon  in  C*»Ol.2/6TC.l  calls 
was  charaetarlxad  using  tha  FRAP  assay  Both  affects  of  concentration  and 
exposure  Ciaa  ware  established,  fig.  3  displays  tha  dose- response  curve  of  TPA 
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FIGURE  3.  Dos* • response  relationship  of  TPA-effect  on  gap  Junctloffal 
communication  by  FRA?.  C*0l .  2./6TC  .  I  calls  were  exposed  to  differenc 
concentrations  of  TPA  for  1  hour  and  fluorescence  recovery  was  determined  over 
a  15-mlnut*  period.  The  shaded  area  shows  the  recovery  of  fluorescence  In 
uncreated  control  cells.  Each  point  In  the  graph  represents  the  mean  recovery 
♦  SLK  of  5  experiments. 

In  C401.2/6TC.I  cells  after  s  1  hr.  exposure.  Up  Co  0.3  ng/ml  Che  compound  had 
no  significant  effect  on  the  recovery  of  fluoreacrr-*.  From  0.3  up  to  3.0  ng/ml 
communication  vas  Inhibited  In  a  dose  •dependent  manner  with  complete  blockage 
at  Che  hlgheat  dose  tested.  The  recovery  ef  fluorescence  after  differenc 
exposure  Claes  of  C401.2/4TC.I  cells  to  3  ng/ml  TPA  Is  shown  In  Fig.  4.  When 
C401 . 2/6TC. I  cells  were  continuously  treated  with  TPA.  communication  vas 
completely  blocked  up  to  1  day.  At  continued  exposure,  a  time  dependent  return 
was  observed  up  to  40%  of  the  control  level  after  4  days.  In  ethanol,  the 
solvent  for  TPA,  showed  no  efface  on  CJXC  up  to  4  days  cl  exposure  ac  the 
concentration  applied  (Fig.  4). 


The  neurotoxic  insecticide ,  dleldrln  was  studied  for  Its  Inhibitory  effect 
on  CJIC  in  G401.2/6TC  1  cells  using  the  dye-transfer  assay.  Data  presented  (Fig. 
5)  show 


Exposure  Time  (days) 


FICTJRE  4.  Tiae-response  relationship  of  TPA-effect  on  gap  Junctional 
comaunlcatlon  by  FRAP.  C401.2/6TC.I  cells  were  treated  with  3  ng/ml  TPA  or  the 
solvent  (0.1%  ethanol)  for  1  to  4  days  and  fluorescence  recovery  was  determined 
over  a  13-minute  period.  Each  point  in  the  graph  represents  the  mean  recovery 
±  SEM  of  3  experiments. 

that  Intercellular  communication  was  inhibited  in  a  time  dependent  manner.  Loss 
of  communication  was  elicited  above  2  JJg/ml  at  one  hour  after  treatment  and 
prograsivaly  increased  at  higher  doses  up  to  10  ng/ul.  A  progressive  loss  of 
CJIC  was  seen  beginning  10  min  after  treatment  with  10  fig/ml  dose  and  was 
complete  at  1  hour.  Inhibition  sustained  for  up  to  2  hours,  following  which, 
the  cells  gradually  regained  coemunieatlon,  although  the  extent  of  communication 
was  somewhat  lower  than  in  controls  at  the  end  of  24  hours. 


FICURE  5.  Tt.poral  changes  in  CJIC  of  CA01.2/6TC.1  e.U»  treated  with  dleldrin. 
CJIC  was  determined  by  tha  dye  transfer  aathod  aC  the  required  time  point  after 
treatment.  A.  Control.  BF  dialdrln  (10  Hg/ml)  at  l,  A.  6.  «.  12  and  1U  hrs 
respectively.  300  X 


fffaeca  of  orh.r  xonoblotlci 

Va  hava  alao  cascad  a  number  of  xenoblotle  chemicals  for  thalr  ability  to 
Inhibit  CJIC  using  tha  dya  transfer  aaaay.  Data  presented  In  Tabla  1  elaarly 
iuu««t  that  thara  ara  dlffarancaa  In  cha  action  of  ehe  so  agents  to  dovn 
CJIC  in  C401.2/6TG. I  calls.  Whlla  tha  ehlorlnatad  insacclcldas,  dialdrln. 
haptachlor  and  haptachlor  apoxlda  almost  completely  abolished  coajwinlcatlon,  p.p 
DDT.  Undana  and  mlrex  vara  inaffactlva.  Tha  polychlorinated^  biphenyl  (PCS) 
mixture ,  Araclor-1234  affactlvaly  blockad  Junctional  communication  at  10 
whlla  cha  polybromlnated  blphanyl  (PBB)  mixture,  Flremaater  BP-6.  did  not  block 
CJIC  Incarastlngly.  nalchar  of  tha  haxachlora  blphanyl  Isoaars  nor  tha 


hexabromobiphenyl  tested  were  able  to  down  regulate  GJIC. 


Effects  of  Factv  Acids 

Confluent  monolayers  of  G401.2/6TG.1  cells  were  treated  with  DHA,  LA,  Ln, 
and  PAL  at  concentrations  of  25,  100  and  250  uM  for  various  time  periods  ranging 
from  5  min  up  to  24  hr.  GJIC  was  assessed  initially  utilizing  the  SL/DT 
technique.  Quantitation  of  GJIC  was  done  with  FRAP  analysis.  The  unsaturated 
fatty  acids  of  GJIC  were  done  with  FRAP  analysis.  The  unsaturated  fatty  acids 
DHA  and  LN  significantly  inhibited  (81%)  GJIC  at  a  concentration  of  250  uM  after 
1  hr  as  assessed  by  FRAP  analysis  (Table  2).  LA  decreased  GJIC  slightly  (25.5%), 
but  fluorescence  recovery  values  in  cells  treated  with  LA  did  not  differ 
statistically  from 


TABLE  1 

Effect  of  Several  Xenobiotics  on  GJIC  in  G401.2/6TG.1  Cells^. 

^GJIC  was  measured  by  scrape - loading/dye  transfer  technique  as  described. 

^Communication  in  control  cells  is  given  an  arbitrary  scale  of  ++++,  which  is 
equal  to  the  spread  of  Lucifer  yellow  into  8-10  rows  of  cells  beyond  the  primary 
loaded  cells.  +  indicates  significant  loss  of  communication,  indicated  by  spreqd 
of  Lucifer  yellow  to  1  layer  of  cells  at  the  most.  The  extent  of  communication 
was  confirmed  in  3  different  plates  in  each  treatment. 

Treatment  (ng  or  fig/ml)  Relative  Communication^ 


Control  -  solvent 
TPA  -  10  ng/ml 
dieldrin  -  10  Mg/n»l 
Heptachlor  -  10  Mg/ml 
p.p'-DDT  -  10  Mg/ml 
Lindane  -  10  n g/mi 
Mirex  10  /ig/ral 
Aroclor  -  1254  10  ng/nl 
2, 4. 5, 2' .4' ,5'  HCB  10  /ig/nl 
3, 4. 5, 3’ ,4' ,5'  HCB  10  yg/ml 
Firemaster  BP-6  10  )ig/ml 
2, 4. 5, 2' .4' ,5'  HBB  10  Hg/al 


-H-++ 
<  + 

+ 

+ 

+++ 

++-M- 

++++ 


+ 


TABLE  2 


Effect  of  Various  Fatty  Acids  on  Dye  Recovery  in  G401.2/6TG.1  Cells® 
aCells  were  treated  with  fatty  acids  (250  uM)  for  1  hr. 

k%  dye  recovery  (normalizing  using  a  transformation  procedure)  is  expressed  as 
means  +  SE  for  n  -  38  (control),  n  -  7  (LA),  n  «  9  (DHA) ,  n  -  10  (PAL),  n  -  12 
(LN)  plates. 

cSignif icantly  different  from  untreated  controls,  p  <  0.05,  Tukey's  test. 


Treatment 

Dye  Recovery1* 

Control 

50.3  ±  2.5 

Linoleic  Acid  (LA) 

37.5  ±  4.5 

Linolenic  Acid  (LN) 

9.6  +  1 . 4C 

Palmitic  Acid  (PAL) 

49.6  ±  4.1 

Docosahexaenoic  Acid  (DHA) 

9.3  ±  2 . 5C 

uncreated  controls.  GJIC  in  G401.2/6TG.1  cells  treated  with  PAL  was  similar  to 
that  of  control  cells.  The  fatty  acid- induced  inhibition  of  GJIC  by  LN  and  DtJA 
was  rapid,  occurring  within  5  min,  and  reversible,  with  CJIC  returning  to  control 
levels  within  1  hr  upon  removal  of  fatty  acid  treatment  from  cells  (data  not 
shown) . 

Effect  of  HoOo 

H202  concentrations  were  determined  by  freshly  diluting  the  30%  stock 
solution  with  distilled  water  and  measuring  absorbance  on  a  uv/visible 
spectrophotometer  at  240  nm.  Exposure  of  confluent  monolayers  of  SB- 3  cells  to 
100,  250,  500,  1000  and  2000  uM  H202  in  serum-free  D  media  for  1  hr  had  no  effect 
on  GJIC.  These  findings  differ  with  results  obtained  utilizing  liver  epithelial 
WB- F344  cells ,  (Hasler,  unpublished  observations)  In  which  H202  at  concentrations 
of  250  and  500  uM  had  inhibited  GJIC. 
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In  a  previous  study  we  have  reported  that  in  the  rat  liver  epithelial  cell 
line,  UB  F-344,  TMB-8  negated  the  inhibitory  action  of  TPA  on  GJIC  (Oh  nt  al, 
1988).  Since  the  C401.2/6TC.1  cell  line  appeared  to  respond  differently  from 
the  rat  liver  cell  line  to  the  action  of  xenobiotics,  we  investigated  if  TMB- 
8  would  exert  the  same  protective  action  in  G401.2/6TG.1  cells  by  preventing  the 
down  modulatory  effect  of  TPA.  As  shown  in  Fig.  6,  when  the  C401.2/6TC.1  cells 
were  precreated  with  TMB-8  (50  /iM)  10  min  prior  to  treatment  with  TPA  (10  ng/ral), 
CJIC  was  only  minimally  reduced  as  opposed  to  complete  inhibition  by  TPA  alone. 
In  contrast,  TMB-8  appeared  to  have  no  effect  on  dieldrln  inhibited  CJIC  under 
the  experimental  conditions  used.  TMB-8  itself,  under  these  conditions  had  no 
effect  on  GJIC  (data  not  shown).  However,  the  protective  action  of  TMB-8 
appeared  to  be  transient  under  these  conditions,  as  we  have  noted  complete  loss 


appeared  to  be  transient  under  these  conditions,  as  we  have  noted  complete  loss 
of  communication  after  2  hours  in  cells  treated  with  TMB-8  and  TPA. 


I 


Fig.  6  Antagonistic  action  of  TMB-8  on  the  inhibition  of  CJIC  by  TPA  or 

dieldrin  in  G401.2/6TC. I  cells.  Communication  was  assayed  by  Lucifer 
yellow  distribution  after  scrape  loading.  Treatment  with  TMB-8  was 
done  10  ain  before  adding  TPA  or  dieldrin.  A.  TMB-8  (50  JIM) .  B. 
TPA  100  ng/al.  C.  TMB-8  ♦  TPA  100.  D.  TMB-8  ♦  dieldrin  (10  Hfjml). 


Synergism  between  TPA  and  dieldrin. 

Synergism  between  cheaicals  Is  a  phenomenon  by  which  two  mechanistically 
different  cheaicals  potentiate  each  others  action  when  added  together  at  levels 
at  which  either  agent  alone  has  only  minimal  effect.  Ve  have  examined  if  TPA 
and  dieldrin  exhibit  a  synergistic  Interactions  eo  down-aodulate  CJIC.  As 
presented  in  Fig.  7  (A-C)  TPA  at  1  ng/al  or  dieldrin  at  1  Mg/al  had  only  a 
marginal  effect  In  abolishing  CJIC  under  the  experimental  conditions  used.  When 
added  together  at  the  same  concentrations,  under  similar  conditions, 
communication  was  significantly  inhibited  (Fig.  70)  by  these  agents.  The  data 
thus  suggest  that  these  agents  exert  their  inhibitory  action  of  CJIC  through 
divergent  mechanisms. 


Fig.  7  Synarglsclc  interaction  between  TPA  (1.0  ng/nl)  and  dialdrin  (1 
Mg/»1)  Co  inhibit  CJIC  in  C401.2/6TC.1  calls.  Cooaunlcatlon  was 
determined  1  hr  after  treatment  by  tha  dya  transfer  technique  as 
dascribad.  Luclfar  yallow  distribution  in  A.  Control.  B.  Dialdrin 
<1  ng/ul) .  C.  TPA  <1.0  ng/al).  D.  TPA  ♦  dialdrin.  300  X 


DISCUSSIOW 


Xn  tha  present  study  wa  hava  invastigatad  tha  natura  of  modulation  of  CJIC 
in  a  human  tissua  darivad  call  cultura  system.  with  a  viaw  to  develop  a  Jjj  vitro 
aodal  to  study  tha  toxic  interact  ions  of  xanobiotic  chemical*.  Clearly,  in  vitro 


systems  derived  from  human  tissue  are  advantageous  to  draw  meaningful  conclusions 
on  the  possible  effects  of  xenobictic  exposure  of  humans.  The  G401.2/6TG.1  cell 
line  is  derived  from  a  Wilm's  nephroblastoma  tumor  and  is  of  epithelial  origin. 
Since  gap  junctional  intercellular  communication  has  been  implicated  to  have  a 
major  role  in  embryonic  development,  normal  cellular  growth  and  proliferation, 
perturbations  in  the  normal  pattern  of  GJIC  by  xenobiotics  can  be  of  significant 
importance  in  determining  the  potential  toxicity  of  chemicals  to  humans.  In  this 
context,  the  G401.2/6TG.1  cell  line  is  an  excellent  model,  since  these  cells  have 
extensive  GJIC  and  disturbances  in  the  extent  of  intercellular  communication  by 
chemical  toxicants  can  be  evaluated  with  relative  ease  although  the  results  are 
not  a  true  replication  of  the  situation  with  primary  cells  of  human  origin.  The 
retropolation  of  these  results  should  be  considered  with  caution. 

The- resulcs  of  the  present  study  clearly  suggest  that  while  GJIC  in  this 
system  is  down  regulated  by  xenobiotics,  not  all  the  chemicals  studied  inhibited 
intercellular  communication  in  these  cells.  While  TPA,  a  well  known  tumor 
promoting  agent  and  a  potent  inhibitor  of  gap  junctional  function,  blocked  dye 
transfer  of  G401.2/6TG.1  cells,  there  were  clear  differences  in  the  response  of 
several  halogenated  hydrocarbon  pesticides.  Dieldrin  and  heptachlorepoxide ,  two 
neurotoxic  insecticides,  inhibited  GJIC  but  three  other  neurotoxic  chemicals, 
DDT,  lindane  and  mirex,  did  not  have  any  effect.  Previous  studies  from  this 
laboratory,  using  V79  Chinese  hamster  lung  fibroblasts  and  UB  rat  liver 
epithelial  cells,  have  reported  a  number  of  these  chemicals  which  were 
ineffective  in  G401.2/6TG.1  cells  that  have  abolished  metabolic  cooperation 
and/or  dye  transfer  in  these  cell  lines  (Trosko  et  al ,  1987;  Suter  et  al,  1987; 
Rezebek  et  al ,  1987;  Tsushimoto  et  al,  1987).  . 

An  interesting  observation  in  the  present  study  was  the  difference  between 
the  action  of  TPA  and  dieldrin  in  inhibiting  GJIC.  In  a  previous  study  using 
rat  liver  epithelial  cell  system,  WB  F-344,  we  noted  that  TPA's  inhibitory  action 
on  CJIC  was  transient  while  that  of  dieldrin  was  sustained  for  more  than  24  hrs 
(Oh  et  al,  1988).  In  contrast,  in  G401.2/6TC.1  cells,  TPA  down  modulated  gap 
junction  function  for  more  than  2  days  after  a  single  treatment  whereas  the 
effect  of  dieldrin  was  reversed  as  early  as  4  hours.  It  Is  well  known  that  many 
of  the  biochemical  effects  of  TPA  are  mediated  by  the  activation  of  a  calcium- 
and  phospholipid-dependent  protein  kinase,  protein  kinase  C  (PKC)  (Jong  and 
Blumberg,  1989).  This  kinase  is  activated  upon  translocation  into  the  plasma 
membrane  from  the  cytosol.  It  is  likely  that  in  the  case  of  C401.2/6TC.1  cells, 
TPA  translocated  PKC  remains  plasma  membrane  bound  for  a  longer  period  of  time 
than  it  is  in  other  cell  lines  including  the  WB  cells  (Oh  et  al,  1988).  Indeed, 
our  preliminary  observation  on  the  translocation  of  PKC  indicates  this  to  be  the 
esse  (unpublished  observations) .  While  the  inhibitory  action  of  TPA  on  GJIC  can 
be  explained  by  activation  and  translocation  of  PKC  in  G401.2/6TG.1  cells,  the 
mechanism  by  which  the  neurotoxic  agent,  dieldrin,  inhibited  intercellular 
communication  is  less  clear.  Since  increased  intracellular  free  calcium,  (Ca‘M’)i 
has  been  Implicated  in  junctional  uncoupling,  it  is  possible  that  dieldrin 
treatment  might  lead  to  Increased  (Ca*+}i  through  inhibition  of  the  Ca^*  pump. 

In  the  present  study,  we  have  also  shown  that  the  unsaturated  fatty  acids 
LN  and  LA  differ  in  their  action  on  GJIC  in  these  cells.  In  a  previous  study 
Aylsworth  et  al  have  shown  that  in  Chinese  hamster  lung  fibroblast  cell  line 
V79,  many  of  these  unsaturated  fatty  acids  have  abrogated  metabolic  cooperation 
again  emphasizing  the  differences  in  the  response  of  various  cell  types  to  the 
same  chemlcal(s).  Since  the  unsaturated  fatty  acids  are  of  considerable  health 
concern  their  action  on  GJIC  may  be  significant  as  a  biochemical  marker. 

In  summary,  whatever  mechanisms  might  be  involved  in  the  uncoupling  of  gap 
Junctions  by  xenobiotics,  it  is  clear  from  our  present  study  that  there  are 


Intrinsic  differences  in  the  response  of  various  tissue  cell  types  to  the 
inhibitory  action  of  chemicals,  thus  warranting  the  need  to  study  more  than  one 
cell  culture  system  in  order  to  ascertain  the  toxic  potential  of  xenobiotics. 
Moreover,  with  the  demonstration  that  there  is  a  family  of  gap  junction  proteins 
(see  Saez  et  al,  1989),  there  is  clearly  a  need  to  study  how  specific  gap 
junction  proteins  might  be  regulated  by  cellular  responses  to  different 
xenobiotics . 
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APPENDIX  C 


New  technique  to  measure  heterologous  and  homologous  cell-cell 
communication  using  the  ACAS: 

1.  Actual  ACAS-Image  data. 
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